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II. Abstract 
 
Organic semiconductors have emerged as potential replacements for inorganic 
materials based on several promising advantages, such as their low-cost, high-
throughput fabrication and tolerance for flexible substrates. While these attributes 
ensure that the use of organic semiconductors is appealing, further improvements in 
electronic performance and stability are still required. This work focuses on the 
design, synthesis and analysis of a novel range of organic semiconductors 
incorporating carborane units. Carboranes possess unusual properties which, in 
principle, make them highly attractive species to incorporate into optoelectronically 
active materials, although they have been largely untested as components of organic 
electronic devices. An uncommon three-dimensional delocalised bonding motif infers 
upon carboranes extreme thermal and chemical stability and a strong electron-
withdrawing nature, traits that, if correctly exploited, could potentially lead to organic 
semiconductors with improved stabilities and optimised electronic properties. 
 
This thesis reports a number of approaches to the incorporation of carborane into 
semiconducting polymers. In the first, ortho-carborane is directly fused to the 
aromatic backbone via both carbon atoms. The novel difunctionalisation of 
benzocarborane, and its subsequent incorporation into two previously unreported 
polymer systems, is reported. Copolymerisation with electron-rich and electron-poor 
comonomers established that the incorporation of benzocarborane did not prevent 
electronic delocalisation along the polymer backbone, and that it acted as a mildly 
electron withdrawing comonomer. P-type behaviour in organic field effect transistors 
was observed. Based on these results, a second-generation monomer unit was 
synthesised, incorporating two fused thienyl rings and facilitating observable 
improvements in molecular ordering and charge-transporting behaviour. 
 
The second approach focuses on the attachment of carborane to the conjugated 
polymer backbone via the functionalisation of one of its carbon atoms, either directly 
or via a vinylene spacer. Hence carborane functionalised benzodithiophene 
monomers were prepared via a novel method of carborane C-arylation, before 
subsequent polymerisation with a range of electron accepting comonomers. The 
resultant polymers demonstrate OFET performance higher than that reported for 
non-carborane containing equivalents and exhibit promising solar cell performance. 
The final chapter details the attachment of various carboranes onto two 
 vi 
 
polythiophene systems via a vinylene linker. Through careful consideration of 
carborane and vinyl bond stereochemistries, and pendant group spacing it was 
observed that optical, material, OFET and OPV properties of the resultant polymers 
could be controlled. 
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1.1 Organic Electronics 
 
It is undeniable that plastics have spread into, and become a major part of, all 
aspects of modern life. Since the development of Bakelite, one of the earliest and 
most widespread plastics, in the early 20th century,1 plastics and products made from 
them have been encountered countless times on a daily basis by billions of people 
around the world. Initially known for their malleability, electrical non-conductivity and 
heat resistance, plastics were not considered as potential components of electronic 
devices until 1977, when teams led by Heeger, MacDiarmid and Shirawaka 
discovered that the conductivity of conjugated polymers could be varied from that of 
an insulator to that of a metal through a doping process.2 Doping by chemical, 
electrochemical or by photolytic means facilitated the development of organic 
electronics: field effect transistors, light emitting diodes and photovoltaic devices as 
potentially low-cost alternatives to existing technologies.3 
 
This development enabled a range of novel materials to be considered as possible 
replacements for amorphous silicon, the semiconductor commonly utilised in large 
area displays, or even crystalline silicon in solar cell applications. Despite the 
abundance of silicon, which constitutes almost 28% of the earth’s crust,4 its 
extraction and subsequent purification to reach electronic grade silicon (>99.999% 
purity) comes with a heavy financial and energetic cost. Additionally, a significant 
amount of waste material is produced, a notable proportion of which is hazardous 
both to human health and to the environment.5 The deposition of amorphous silicon 
also requires high vacuum and high temperature processing; therefore the fabrication 
of transistors on flexible plastic substrates is problematic. Additionally, the processing 
of crystalline silicon ingots into solar cells is an energy intensive and costly process. 
Therefore, the development of alternative semiconducting materials which can be 
processed at low temperature and in large areas is attractive for the replacement of 
inorganic semiconductors in a range of applications. 
 
Organic semiconductors show several advantages over their inorganic counterparts, 
namely the ability to be solution-processed,6–8 potentially facilitating the low-cost 
production of large-area devices, and their tolerance for flexible substrates, a trait 
that is likely to be highly prized as technology develops. However, their device 
performance often lags behind that of the inorganic alternatives,2 mainly as a result 
of their reduced charge carrier mobilities. In order to compete with existing 
technologies further improvements in device lifetime and performance are 
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needed.2,9,3 It is worth noting that the goal of organic electronics is not to exceed the 
performance of silicon technologies, but to enable the fabrication of devices at 
significantly lower costs and introduce a new range of device functionalities.3 
 
1.2 Polymers 
 
A polymer is defined by the IUPAC as ‘a molecule of high relative molecular mass, 
the structure of which essentially comprises the multiple repetition of units derived, 
actually or conceptually, from molecules of low relative molecular mass’, and it is this 
unique make-up that gives rise to the numerous unique and advantageous properties 
of polymeric materials. Through the repetition of many repeat units, or monomers, a 
polymer is able to ascertain a molecular weight far in excess of those typical of 
‘small’ molecules, and it is this high molecular weight that leads to the expression of 
properties for which polymers are known. Although they are known to exist in nature 
– as polysaccharides or DNA, for example – it is the vast range of synthetic polymers 
that are immediately thought of upon hearing the word. Many synthetic polymers, 
especially those that constitute the focus of this work, are produced by step-growth 
polymerisation. This process involves the random reaction of monomer moieties to 
form short chains, which then react with each other to form much longer chains. This 
method differs from chain-growth polymerisation – in which one monomer is added 
onto the end of the polymer chain sequentially – and results in a polymer with a 
larger distribution of molecular weights.  
 
The properties of a polymer are strongly dependant on its chemical structure. By 
modifying the chemical composition of the monomer and utilising a specific 
polymerisation technique, the properties of the resultant materials can be controlled. 
The chemical structure of the polymer directly determines how molecules interact 
with their neighbours, be they solvent molecules or other polymer chains. Therefore 
the solubility and molecular ordering ability of the materials, two of the most important 
factors in conjugated polymer design, can be carefully controlled. Additionally, the 
length of each polymer chain, a factor of molecular weight, influences the physical 
properties of the polymer. Physical properties such as melting temperature, tensile 
strength and Young’s modulus, amongst others, are a direct result of chain 
entanglement – a phenomenon which occurs to a much greater degree in higher 
molecular weight species, highlighting the importance of effective molecular weight 
control.  
 
 4 
 
1.3 Conjugated Polymers 
 
Aliphatic organic polymers are composed of tetrahedral, sp3 hybridised carbon atoms 
which are linked together by σ–bonds. These bonds, whilst providing the molecule 
with structural integrity, are heavily localised and therefore unable to contribute 
towards electrical conductivity without causing the molecule to fragment. The carbon 
atoms in conjugated polymers, by comparison, are sp2 hybridised. In this form, three 
sp2 hybrid orbitals extend in the plane of the backbone, facilitating structural rigidity 
through σ–bonds with neighbouring atoms. One out-of-plane pz orbital is left non-
hybridised and able to overlap with the corresponding pz orbital of a neighbouring 
atom to form a π bond, parallel to the backbone (Figure 1.1).  
 
Figure 1.1: Orbitals involved in sigma and π bonding between two sp
2 
carbon atoms 
 
π-bonds are able to delocalise along the length of the molecule, inducing planarity 
and contributing to electronic conductivity. A conjugated polymer that is suitable for 
use in this burgeoning series of applications must fulfil two necessary requirements: 
firstly, it must possess a π-conjugated backbone, achieved through linking a series of 
unsaturated monomer units.10 A result of this is the extension of π orbitals along the 
backbone, facilitating charge transport and producing interesting optical properties. 
Additionally it should be soluble such that it can be formed into thin films. The most 
common means of inducing solubility is functionalisation of the polymer backbone 
with suitable sidechains. In addition to increasing solubility, these sidechains reduce 
melting temperatures and play an important role in promoting solid state 
organisation. A second common approach is to utilise soluble polymer precursors, 
which can be converted into the conjugated polymer in situ, for example by heat or 
light treatment.11 
 
In addition to electrically conductive properties, the extension of this π orbital 
determines the optical properties of the polymer; absorption of a photon of 
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appropriate energy can promote an electron from the highest occupied molecular 
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). By modifying the 
energy levels of the HOMO and LUMO, and therefore the energy gap between the 
two, a polymer can be made to absorb light of a specific wavelength, a feature that is 
inherently useful in photovoltaic applications. The HOMO and LUMO energy levels 
are affected by the effective conjugation length of the material, the distance over 
which π electrons are able to delocalise. Maximising pz orbital overlap – by 
increasing molecular weight and minimising out-of-plane backbone twisting – leads to 
increased delocalisation and therefore a reduction in band gap. As shown in figure 
1.2, extended delocalisation over numerous thiophene molecules leads to the 
formation of new bonding and anti-bonding orbitals. Eventually the discrete molecular 
orbitals become close in energy, leading to the formation of a band structure with a 
significantly reduced HOMO – LUMO band gap (Eg). Therefore, careful control of 
molecular weight can be used as a means of modifying energetics of conjugated 
polymers, with higher molecular weight materials, in theory, possessing a lower 
optical band gap. It should be noted that the band gap does not approach zero as the 
conjugation length increases, instead saturating at around 20 repeat units. The 
formation of a non-zero band gap is due to the Peierls distortion, whereby the HOMO 
is further stabilised by shortening of alternative conjugated bonds.12,13 
 
 
Figure 1.2: Development of the band-gap structure of polythiophene. Representations of 
monomeric, trimeric and polymeric energy levels shown.
14
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Other methods of modifying polymer energetics spawn from the chemical design of 
constituent monomers. Imparting a quinoidal structure onto the polymer backbone is 
an effective method of reducing the band gap by both raising the HOMO and 
lowering the LUMO energy levels.15 The aromatic form of the polymer, in which 
adjacent monomer units are connected by a single C-C bond is usually the most 
stable.16 In the quinoidal form, a double C=C bond connects adjacent aromatic units, 
creating a structure which is less energetically stable than the aromatic form. In this 
arrangement, the band gap is reduced by the simultaneous raising of the HOMO and 
lowering of the LUMO levels. Since the quinoidal form is higher in energy, the 
backbone must be modified in order to afford sufficient stability to enable its 
synthesis. A common approach to realisation of the quinoidal form is to fuse an 
aromatic ring to the backbone. The gain in aromatic resonance energy of this ring 
upon forming the quinoidal polymer serves to stabilise the system (Figure 1.3). 
 
 
Figure 1.3: Resonance structures of polythiophene (top) and polyisothianaphthene (bottom) 
 
Another common means of band-gap manipulation is through the use of a donor-
acceptor (DA) system, in which electron-rich and electron-deficient monomer units 
alternate along the polymer backbone (Figure 1.4).17 Interactions between these 
different monomer units leads to improved quinoidal character and therefore reduced 
band gap as a result of orbital mixing between the electron-rich and electron-deficient 
species (Figure 1.5).3 It many instances, it is observed that the HOMO is mainly 
localised on the donating monomer, with the LUMO on the acceptor, facilitating ready 
control of polymer energetics through careful selection of co-monomers. 
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Figure 1.4: Structure of a common DA copolymer. Electron-rich comonomer highlighted in 
red, electron deficient comonomer in blue. 
 
 
Figure 1.5: Representation showing how the HOMO-LUMO band gap can be reduced by 
donor-acceptor comonomer alternation. 
 
1.4 Organic Field Effect Transistors 
 
Organic field effect transistors (OFETs) have the potential to replace silicon 
transistors in low-cost or large-area devices due to their low production costs and 
novel fabrication methods. Applications such as radio frequency identification tags 
(RFID), smart cards and pixel drivers are of particular interest as they do not require 
exceptional performance, although they must be stable under operating bias stress 
and ambient conditions.2,10,18 In addition, analysis of the performance of OFETs 
provides an insight into charge transport in π-conjugated systems – enabling the 
development and understanding of structure-property relationships and molecular 
design features.2 
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1.4.1 Operating Principles 
 
An OFET is comprised of a trio of electrodes (gate, source and drain), an insulating 
dielectric layer and a conductive organic semiconductor layer, and is typically 
attached to a substrate which provides its mechanical strength (Figure 1.6). By 
controlling the gate voltage (Vg), a field can be induced at the semiconductor-
dielectric interface creating a ‘channel’ of charges that allows mobile charge carriers 
to flow between the source and drain electrodes, completing the circuit and turning 
the device ‘on’. 
 
Figure 1.6: Bottom-Gate Top-Contact OFET device 
 
In an ideal device, when the gate voltage is zero (Vg = 0 V), the device is in the ‘off’ 
state and current is unable to flow between the source and drain electrodes (ISD = 0), 
regardless of the bias applied between them. The device switches to the ‘on’ state 
when a gate field is applied (Vg ≠ 0 V), inducing charge carriers at the 
semiconductor-dielectric interface and allowing charges to flow between the source 
and drain electrodes (Figure 1.7). However, it is possible for these mobile charges to 
become trapped, diminishing device performance. Such traps may be caused by 
reducible or oxidisable impurities, or by morphological irregularities.19,18 OFET 
performance can be deduced from transfer and output plots – from which vital 
parameters; charge carrier mobility (µ), on/off ratio (Ion/Ioff) and threshold voltage (VT), 
can be determined. 
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Figure 1.7: OFET in ‘off’ mode (top) and ‘on’ mode (bottom) 
 
Mobility (µ), perhaps the most useful parameter for device performance, is defined as 
charge velocity per unit field and shows the speed at which hole or electron transfer 
can take place between a series of neutral and charged units.20 Mobilities in excess 
of 1 cm2 V-1 s-1 have been reported, which is comparable to that of amorphous 
silicon.21 The on/off ratio (Ion/Ioff) is calculated from the on current and off current, with 
a ratio >106 generally needed for effective device performance. The threshold voltage 
(VT) is defined as the minimum gate voltage needed to obtain an acceptable drain 
current and is a mark of the transition between the on and off phases of operation; it 
is a measure of the number of trap states that must be overcome before the device 
will work, these states must be filled with charges before current is able to flow. 
 
An output plot (Figure 1.8) is generated by holding the gate potential at a constant 
value while varying the source-drain (S-D) potential. At a low bias potential the SC 
layer begins to conduct, and measured output current linearly increases with S-D 
bias, forming the linear region of the plot. As the drain bias continues to increase, the 
conducting region is ‘pinched off’ and output current no longer increases linearly; the 
output mode changes from linear to saturation. The mobility can be calculated from 
either of these regions by the MOSFET equations. The transfer plot (Figure 1.8) is 
produced by varying the gate voltage whilst maintaining a constant drain voltage, 
ideally in the saturation mode. This plot enables the on/off ratio to be calculated – 
from comparisons between the current in on mode and off mode – and deduction of 
the threshold voltage. 
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Figure 1.8: Typical OFET output curve (blue n-type, red p-type) (left) and  
transfer curve (right). Reproduced from reference 
22
 with permission. 
  
OFETs fall into one of two categories, p-type or n-type, depending on the respective 
utilisation of holes or electrons as carriers. A hole transporting material conducts 
charge via the removal of electrons from filled orbitals (HOMO) whereas an electron 
transporting material conducts via the addition of an electron to unfilled orbitals 
(LUMO). The majority of conjugated polymers so far reported are p-type materials as 
the energy difference between the Fermi level of the contact and the HOMO energy 
is generally much smaller than that of the LUMO, enabling easier exchange of 
charge carriers with the electrode.23 Additionally, negative charge carriers are more 
susceptible to trapping than their positive counterparts so are more likely to be 
localised at the semiconductor-dielectric interface, grain boundaries or in 
environmental traps, leading to poorly performing devices.24 To enable successful p-
type operation, the HOMO level of the polymer must be carefully controlled, with 
values ranging from -4.9 to -5.5 eV commonly encountered.25 
 
1.4.2 Device Architectures 
 
OFETs can be fabricated according to four architectures, determined by the relative 
position of the contacts, gate electrode and dielectric and semiconductor layers. 
Figure 1.9 shows the architecture of a top-gate, bottom contact device although 
several other architectures can be fabricated by adjusting the position of the 
electrodes and semiconductor/dielectric layers. 
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  Figure 1.9: Top-gate bottom-contact OFET device 
 
Bottom gate devices are more commonly used in the fundamental studies of new 
semiconductor materials; of these, bottom contact architectures (BGBC) are the most 
convenient as the semiconductor is the final layer to be deposited, facilitating 
analysis of a pristine film.25 A common drawback with this architecture is poor 
interfacial contact between the semiconductor and the electrodes, a problem which 
can be circumvented by relocating the source and drain electrodes to the top of the 
semiconductor layer (BGTC). Vapour deposition of the metal contacts results in 
diffusion of metal atoms into the semiconductor layer, improving contact between the 
two components thereby reducing contact resistance.23 This comes with a risk 
though, as the attachment of contacts can destroy or irreparably damage the 
semiconductor layer, impairing device performance. BGTC architecture devices 
enable easier charge injection due to a higher electrode-semiconductor contact area, 
often leading to better device performance than bottom-contact devices.23 However, 
in top-contact devices, charges are required to move vertically through the SC layer 
to reach the dielectric interface, from where they are able to move laterally along the 
channel. This can be a drawback for certain semiconductors as charge transport is 
often anisotropic and two dimensional, with poor performance in the vertical direction 
(Figure 1.10). This hindrance, known as access resistance, can have a strong effect 
on device performance and is directly proportional to the thickness of the active layer. 
Therefore, when a top-contact architecture is utilised, it is vital that a very thin film is 
used as this resistance does not show any effect in layers < 5 nm thick, although 
problems depositing Au electrodes have been observed in layers this thin.23 
 
L
W
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Bottom Contacts
Semiconductor
Gate Dielectric
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Figure 1.10: Schematic showing bottom-gate bottom-contact (top) and bottom-gate top-
contact device architectures. Note the difference in S-D path length for the top-contact device. 
 
While bottom-gate device architectures are useful for quick and easy screening of 
new materials, exposure of the active layer to ambient conditions renders them non-
ideal for practical applications. The resulting low operating lifetimes can be improved 
by encapsulating the devices; adding a protective layer to shield the active layer from 
atmospheric oxygen and water. By moving the gate electrode (and therefore the 
dielectric layer) to the top of the device, the active layer is shielded and ambient 
lifetimes can be improved. 
 
1.4.3 Semiconductors for OFET Devices 
 
OFET performance is heavily dependent on molecular order, with large, tightly 
packed crystalline regions ideal for charge transport through the semiconductor 
layer.10 The inherent weakness of inter-chain interactions relative to intra-chain 
interactions allows these materials to be treated as two-dimensional, possessing 
anisotropic optical and electrical properties. Due to the finite size of polymers, 
charges must move from molecule to molecule to transverse the channel, therefore 
good overlapping π – π interactions are vital (Figure 1.11). 
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Figure 1.11: Charge transport mechanisms. 1. Along backbone (fast), 2. Chain-chain hopping 
(fast), 3. Vertical transport (slow). 
 
While highly crystalline films are much easier to realise for small molecules – owing 
to their defined, monodisperse structure and potentially exceptional levels of purity – 
the use of higher molecular weight polymers is often preferred for rheological 
reasons. The ability to spin smooth, uniform films enables greater structural and 
morphological control than is possible with smaller molecules, with the smaller 
crystalline regions that form imparting isotropic transport characteristics and therefore 
reducing variability between devices.2 Controllable rheology facilitates optimal 
morphology, especially considering the use of printing techniques in the production 
process. Additionally, the reduced solubility window present for high molecular 
weight, conjugated polymers allows different polymer layers to be solution deposited 
on top of each other; with intermixing of polymer layers prevented by the negligible 
vapour pressure of the materials involved.2 Through this process it is possible to 
build up the layered structure needed for an all-organic FET.26 
 
Polymeric intermolecular interactions are defined by attractive π – π stacking and 
electrostatic repulsions, with a trade-off between the two offering the best 
performance.27 While side-chains are necessary to facilitate solubility – and therefore 
processing – repulsive interactions between them impede long-range molecular 
packing and chain entanglement can obstruct aryl-aryl interactions. Regular spacing 
of side-chains is important for self-assembly of the backbones, with interdigitated 
species typically experiencing tighter packing and therefore improved performance 
(Figure 1.12).28,29 However, many recent high performance polymers have shown no 
dependence on sidechains, with backbone stiffness appearing to be the determining 
factor.30 
 
 
1 
2 
3 
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Figure 1.12: Schematic showing lamellar distances of P3HT (left) and PQT (right) 
 
π stacking is the dominant intermolecular interaction in conjugated polymer films, 
and is maximised in planar materials that have a high C:H ratio.10 Overlapping π 
orbitals of different polymer chains enable intermolecular charge transport, with 
alignment edge-on to the substrate preferential to aid electron transport between 
source and drain electrodes.31 π interactions can also be increased by the inclusion 
of heteroatoms or metal atoms, with dxy and dxz orbitals able to overlap with π orbitals 
in the case of the latter. 
 
Another important factor in the production of crystalline films is the molecular weight 
and polydispersity of the polymers used. High molecular weight species participate in 
different structural ordering than oligomers, with mixtures of the two producing non-
ideal morphologies. Therefore it is imperative to reduce polydispersity as much as 
possible to prevent poorly defined, amorphous films. Larger polymer chains have the 
potential to improve device performance by linking multiple crystalline domains, 
bypassing grain boundaries that have been shown to limit charge transport in small 
molecules and low molecular weight oligomers.3,10 Material processing can also 
affect film crystallinity, with thermal annealing through a liquid-crystalline phase an 
effective method of improving long range order and reducing grain boundaries. 
Annealing through the mesophase, followed by slow cooling, can be used to form 
monocrystalline domains of well-packed, closely aligned molecules.20 Solution 
processing is typically kinetically controlled, whereas annealing is thermodynamically 
controlled, allowing the formation of structures with different ordering. Care must be 
taken when heating, as the temperature must be increased above the melting point 
of the polymer without causing degradation.20 
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Electronic control is also vital for effective OFET performance, with the polymeric 
HOMO and LUMO energy levels being of particular importance. For p-type 
behaviour, a HOMO level between -4.8 and -5.4 eV is well matched to the 
workfunction of gold electrodes.3 This alignment facilitates hole injection and 
transport, without being too high to compromise oxidative stability. A LUMO level of 
approximately -4.0 eV is desirable for n-type device operation, promoting air stability 
whilst permitting electron transfer to the electrode.2 As these energy levels can be 
controlled by modifications in the chemical structure, device performance is subject 
to improvement though considered design and synthesis of new materials. 
 
1.5 Organic Photovoltaics 
 
As with OFETs, conjugated polymers have the potential to replace silicon as the 
semiconducting component of photovoltaic devices.32 The opportunity to produce thin 
film photovoltaic devices in a high-volume, low-cost process may lead to increased 
uptake of solar energy generation as an alternative to fossil fuel combustion, helping 
to alleviate issues arising from ever-increasing worldwide energy demands. In 
addition to the cost of producing crystalline silicon solar cells hindering their 
widespread use, the current energy demands involved in their production cause 
significant negation of the positive environment effects arising from solar energy 
generation. Performance of organic photovoltaic devices, both in terms of efficiency 
and lifetime, is inferior to that of their silicon counterparts, providing areas for further 
research. If these factors can be improved it is possible that OPV can be used to 
contribute towards worldwide energy demand and assist in a move away from fossil 
fuels. 
 
1.5.1 Operating Principles 
 
Organic photovoltaic devices operate using a different mechanism to their inorganic 
equivalents, in which an incident photon leads to the direct generation of a free 
electron-hole pair. In an organic device an exciton – a coulombically bound electron-
hole pair – is generated upon excitation by a photon, a result of weaker dielectric 
constant in organic materials compared to silicon, leading to more localised 
electronic states.33 This reduced polarisability is a result of the increased distance 
between the nucleus and valence electrons in silicon, a third-row element, compared 
to carbon, its second row counterpart. This coulombic attraction can be overcome at 
the interface of the conjugated polymer and an acceptor, typically a solubilised 
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fullerene derivative, which is employed in a blend with the polymer to maximise 
interfacial area between the two. Following diffusion through the polymer bulk, the 
exciton is able to dissociate at the interface with the acceptor, providing that the 
energy gap between the LUMO of the donor and that of the acceptor is greater than 
the coulombic attraction between the excitonic electron and hole.33 Following transfer 
of the electron onto the LUMO of the acceptor, the charges are able to move away 
from the interface towards their respective electrodes (Figure 1.13). 
 
 
Figure 1.13: Schematic showing processes involved from photoexcitation to charge 
generation in an OPV device. Polymer energy levels are shown in red, acceptor in blue. 
 
One of the limiting factors of the mechanism described above is the diffusion limit of 
the exciton. Due to its short lifetime this excited species is only able to move 
approximately 10 nm in its quest to reach a donor-acceptor interface.34 Failure to do 
so will see the fluorescent remission of the photon or decay of the exciton to the 
ground state and therefore a reduction in the efficiency of the device. The 
development of the bulk heterojunction (BHJ) morphology went some way towards 
alleviating this issue, facilitating significantly higher efficiencies than achieved using 
previously favoured morphologies, namely the bilayer.35,36 By blending donor and 
acceptor components together in an interpenetrating network, a large surface area 
between the two constituents is realised, minimising regions of the active layer from 
where excitons are unable to reach the interface (Figure 14). Care must be taken, 
however, to prevent the formation of isolated domains, from which there is no 
percolative pathway to the electrodes. Charges generated at the boundaries of these 
regions will be unable to reach the electrodes and will therefore suffer recombination 
and be lost. It should be noted that the BHJ is unlikely to exist as a simple two-phase 
mixture as shown in figure 1.14, since the materials are semicrystalline at best. 
Therefore regions of pure crystalline polymer are likely to coexist with amorphous 
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intermixed regions, as well as with regions of pure PCBM. Reliable production of BHJ 
layers with the desirable characteristics discussed in this section is not 
straightforward and is the result of testing numerous conditions; temperatures, 
solvents and processing additives, research into which is still on-going.37,38 
 
 
Figure 1.14: Representation of active layer morphologies of bilayer and BHJ OPV devices. 
Donor shown in red, acceptor in blue. 
 
A number of factors influence the power conversion efficiency (PCE) of a 
photovoltaic device, namely the open-circuit voltage (Voc), short-circuit current (Jsc) 
and fill factor (FF); with all three having a significant effect on overall efficiency 
(Equation 1.1). A final parameter to consider is the incident photon flux (Pin), the 
consideration of which allows standardisation of efficiencies across numerous 
devices.  The PCE of a cell is determined by the overall conversion of incident 
photons to electrical power and is typically the means by which performance is 
measured and cells are compared. 
 
    
            
   
 
Equation 1.1: Calculation of OPV power conversion efficiency (PCE) 
 
The open-circuit voltage is related to the difference in electrical potential between the 
two components of the cell when disconnected from a circuit; it represents the 
maximum voltage that can be extracted from the cell at zero current. For organic 
cells, it relates to the difference in energy between the HOMO of the donor and the 
LUMO of the acceptor minus around 0.6 eV, which is thought to relate to the exciton 
binding energy (Figure 1.15).39,40 Careful consideration of the energetics of both the 
donor and the acceptor can lead to an increased VOC although care must be taken to 
ensure that the donor HOMO-LUMO gap is not significantly increased, since this 
would result in a reduction of the amount of the solar spectrum that could be 
absorbed, and that the donor LUMO-acceptor LUMO gap is still sufficient to 
overcome the coulombic interaction between the excitonic hole and electron. 
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Figure 1.15: Schematic of energy levels in a BHJ device with VOC highlighted. 
 
Equally important to the PCE as the VOC is the short-circuit current (JSC), defined as 
the current through the cell when the voltage across it is zero, i.e. when the cell is 
short-circuited. The JSC represents the maximum current that can be drawn from the 
cell and is dependent on the optical properties of the cell, specifically how many 
incident photons are absorbed and converted into charge carriers.33 Therefore the 
JSC of a cell is conditional on the optical band gap of the components as well as 
charge separation efficiency, charge collection at the electrodes and optical energy 
losses, in addition to numerous other factors (cell area, illumination strength etc.) 
which can be avoided through standardisation. 
 
The third factor in equation 1.1 is the fill factor (FF), defined as the ratio between the 
obtained power output (VOB x JOB) and the theoretical maximum power output (VOC x 
JSC). It is a measurement of the ‘squareness’ of the J-V curve and is equal to the area 
of the largest rectangle which will fit inside the curve (Figure 1.16). A fill factor of 1 is 
ideal but never realised in practice, with the best value for an organic cell currently 
0.80.41 The fill factor of a cell represents how efficiently charge can be extracted, with 
poorly made or badly designed cells being subject to increased recombination or 
poor charge extraction and a therefore lower fill factor. In the analysis of novel 
materials, which is the focus of this thesis, an optimised cell structure and/or 
morphology may not have been realised, therefore the JSC and VOB are of greater 
importance than the FF when comparing material performance. 
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Figure 1.16: J-V curve of an OPV device with fill factor highlighted. 
 
1.5.2 Device Architectures 
 
There are two device architectures that are often utilised in the preparation of BHJ 
OPV devices; conventional and inverted. In both instances the active layer is the 
same and is flanked on either side by hole and electron transport layers; however it is 
the arrangement of the electrodes that allows the two configurations to be 
differentiated. In a conventionally arranged device it is the cathode which forms the 
top layer, necessitating it to be oxidatively stable, with the reverse apparent in an 
inverted arrangement.42 By definition, the cathode will have a lower workfunction than 
the anode, making it more susceptible to atmospheric oxidation; therefore its location 
in the conventional architecture renders the device prone to instability. By inverting 
the structure this problem can be alleviated and device lifetime extended (Figure 
1.17). However, there are demands placed upon the bottom electrode too, with 
transparency to visible light a prerequisite. Opacity of this electrode would lead to a 
reduction of photons incident upon the active layer and a significant decrease in 
device performance. Indium tin oxide (ITO) has become the go-to material for 
researchers looking for transparent electrodes, however the high cost of ITO is an 
issue, especially as OPV devices are competing with their silicon equivalents on cost, 
and work is being done to find a suitable replacement.43,44 
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Figure 1.17: Schematic representations of conventional (left) and inverted (right) device 
architectures for BHJ solar cells. 
 
1.5.3 Semiconductors for OPV Devices 
 
The optical properties of conjugated polymers are the most important parameters 
when identifying materials to form part of the active layer in an OPV device. 
Reducing the HOMO – LUMO band gap is a commonly exploited method of 
optimising the polymer, rendering its optical properties more in-tune with incident 
photons.35,45 The development of low band-gap materials, in which the Eg is less than 
2.0 eV, enabled the absorption the absorption of light with a wavelength greater than 
620 nm.46 This region of the spectrum is important as it contains the majority of solar 
photons which reach the surface of the earth, therefore improving JSC and facilitating 
the production of OPV devices offering higher efficiencies. There are multiple 
methods through which polymeric band gaps can be effectively engineered, vide 
supra, however the successful operation of an OPV device imposes limits on the 
effectiveness of each method. Thus, the design of novel materials for OPV 
applications is not always straightforward, and often a balance between numerous 
factors must be reached. 
 
1.6 Carboranes 
1.6.1 Introduction to carboranes 
 
Dicarbadodecaboranes – commonly referred to as carboranes – are icosahedral 
complexes of boron and carbon atoms, in which each cage atom is externally flanked 
by a hydrogen atom. They exist in three isomers; ortho, meta and para, determined 
by the relative positions of the two carbon atoms in the cage structure (Figure 
1.18).47,48 
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Figure 1.18: Structures of ortho-carborane (left), meta-carborane (centre) and para-
carborane (right). Carbon atoms labelled, all other vertices represent BH units. Hydrogen 
atoms omitted for clarity. 
  
The icosahedron; a twelve vertex, twenty-sided polyhedron is known in all forms of 
elemental boron and boron hydrides.48 It is the largest of the platonic solids, a series 
of regular polygons in which all vertices are connected to the same number of faces 
– in this case, six. The other polyhedral in this series are the tetrahedron, the cube, 
the octahedron and the dodecahedron which possess four, six, eight and twelve 
faces respectively (Figure 1.19). 
 
 
Figure 1.19: Diagram of some of the platonic solids, from left to right: Tetrahedron, Cube and 
Octahedron. 
 
Despite the tendency of boron hydrides to form icosahedral clusters, two additional 
electrons are needed to stabilise dodecylboron hydride, producing B12H12
2- which is 
one of the most stable anions known to science.48 Carboranes, in which two of the 
BH units are replaced with CH, are isoelectronic analogues of this highly stable 
species and therefore worthy of study (Figure 1.20). 
 
 
Figure 1.20: Structures of dodecaborane-12 dianion (left) and, for comparison,  
ortho-carborane (right). Hydrogen atoms omitted for clarity. 
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1.6.2 Synthesis of Carboranes 
 
The first carboranes were prepared in the United States of America, in the years 
following the Second World War. Attempting to harness the higher energies of 
combustion of boron hydrides relative to conventional hydrocarbons, the US 
government began projects to develop stable materials that could be used as aircraft 
and rocket fuels. Two companies – the Callery Chemical Company and the Olin-
Mathieson Corporation – were involved in the large scale synthesis of boron 
hydrides: diborane (B2H6), pentaborane (B5H9) and decaborane (B10H14), producing 
stockpiles on pilot plant scale. Unfortunately, upon testing alkylated derivatives of 
these compounds as fuel additives, complications arising from the formation of solid 
combustion by-products (boron oxides and boron nitride) led to negative effects on 
jet engine performance and the abandoning of the project. Following this setback, the 
stocks of boron hydride precursors were available for use in the development of 
carboranes and derivatives thereof.48 
 
The first synthesis of ortho-carborane was reported in 1957, synthesised from 
decaborane and acetylene.49 Initially reported as an ‘extremely stable B10H10C2H2 
compound’, later spectroscopic and crystallographic studies showed the true 
structure of ortho-carborane.50,51,52 Similar methods were used in the analysis of meta 
and para isomers, which are readily produced by thermally induced rearrangement of 
the ortho isomer.48,53 Today, providing that any substituents are sufficiently stable, 
meta and para-carboranes are still synthesised by alkyne-insertion and subsequent 
thermal rearrangement. The thermal condensation between decaborane and an 
alkyne was traditionally mediated by a Lewis base (Scheme 1.1). Use of 
dimethylsulphoxide (DMSO) or acetonitrile (MeCN) enables synthesis of the vital 
B10H13
- anion, which is able to coordinate with the alkyne and incorporate the two 
alkynyl carbons into the cage structure. 
 
 
Scheme 1.1: Synthesis of ortho-carborane via a Lewis base (L) mediated 
‘alkyne-insertion’ pathway. 
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Lewis base mediated alkyne insertion is a two-step process. Initially, facile 
deprotonation of decaborane – a monoprotic Brønsted acid – takes place, generating 
the reactive anion-Lewis base complex. Donation of the Lewis base lone pair enables 
the synthesis of a stable adduct, driving the reaction forwards. Consequently, it has 
been observed that the reaction is able to proceed more rapidly as the availability of 
this lone pair is improved.48 This has led to a range of Lewis bases being 
implemented in these reactions. Subsequent dehydrogenative alkyne insertion yields 
the desired product, with the regeneration of the catalytic Lewis base (Scheme 1.2). 
During this process, any alkynyl substituents remain exo to the cage, enabling the 
synthesis of desirable functionalised ortho-carboranes.   
 
 
Scheme 1.2: Reaction scheme for Lewis-base promoted alkyne insertion. 
 
A notable limitation with the use of catalytic Lewis bases is the restrictive number of 
alkynes that can be utilised. Terminal alkynes are able to react readily, forming 
mono-substituted products; however the incorporation of internal alkynes – especially 
symmetrical species – has proven troublesome. Limitations arising from steric 
repulsion and lack of an internal dipole have limited the utilisation of numerous 
alkynes in this reaction.48 Work by Kusari et al. showed that this limited range of 
reactants could be improved upon through the use of an ionic liquid based solvent 
system.54 Ionic liquids are salts that are liquid at low temperatures (<100 °C) and 
have been identified as promising alternative solvents in numerous applications.55,56 
In this case the use of a biphasic ionic liquid / hydrocarbon solvent system facilitated 
the use of previously unreactive alkynes, in addition to improving yields, enabling 
easier product separation and reducing reaction times. 
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Scheme 1.3: Reaction scheme for ionic liquid promoted alkyne insertion (R = Ph, R’ = H, Et). 
 
The ionic liquid utilised in this reaction was 1-butyl-3-methylimidiazolium chloride – 
(Bmim)Cl – which was employed in a biphasic system with toluene (Scheme 1.3). 
Kusari reported the ready reaction of decaborane with both terminal and internal 
alkynes, in good yields and without the need of any additional catalytic species. In 
the case of 1-octyne, for example, the reaction proceeded in just a few minutes with 
a yield of approximately 90%. This is a significant improvement over Lewis base 
catalysed reactions, which report yields of 6-75% with typical reaction times of four to 
six hours.54,57 The increased reactivity with the use of ionic liquids can be attributed to 
the employment of a different reaction mechanism in which the high polarity of the 
ionic liquid promotes the formation of the reactive B10H13
- anion, bypassing the 
B10H12L2 complex necessary for the Lewis base catalysed method. Subsequent 
addition of the alkyne leads to the formation of an arachno R,R’-C2B10H13
- anion 
which is then protonated to form the neutral closo carborane, with the loss of 
dihydrogen gas (Scheme 1.4). 
 
Scheme 1.4: Mechanism of ionic-liquid promoted alkyne insertion reaction 
 
This method has allowed the facile synthesis of ortho-carboranes, which can be 
converted to the corresponding meta and para isomers through high-temperature 
thermal rearrangement (Scheme 1.5). The driving force in this rearrangement is the 
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increased stability of structures in which the relatively electropositive carbon atoms 
are furthest apart, driven by their mutual repulsion. Uncertainty still prevails over a 
true rearrangement mechanism, although several have been proposed. 
 
 
Scheme 1.5: Thermal rearrangement of ortho-carborane to 
meta and para-carborane. 
 
1. Diamond-square-diamond. 
 
The diamond-square-diamond (DSD) mechanism has been the subject of intense 
research and takes place through a cuboctahedral or anticuboctahedral intermediate 
state.58 These transitions are highly symmetrical and enable the original deltahedral 
structure to be maintained. A bond shared by adjacent triangular faces is broken and 
a new bond formed perpendicularly, altering the relative positions of adjacent atoms 
(Figure 1.21). 
 
 
Figure 1.21: Diamond-Square-Diamond (DSD) rearrangement of carborane 
 
It can be observed that the intermediate geometry is a well-defined, simple polygon 
that is reached through symmetry allowed transitions. Due to this the energetic 
barrier to isomerisation is low and the process is thermodynamically feasible.59 The 
cuboctahedral mechanism used in DSD rearrangement ensures that antipodal vertex 
geometry is maintained (both carbon atoms remain spherically opposite to a boron 
atom) which is clearly not the case for meta to para isomerisation. This provides an 
insurmountable obstacle to the second isomerisation step using this process, 
suggesting that another mechanism must also be present.60 
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2. Triangular face rotation. 
 
Triangular face rotation (TFR) acts by taking a triangular face of the icosahedron and 
moving it away from the rest of the cluster.61 Following 120° rotation, the face is 
placed back down onto the cage (Figure 1.22). TFR involves the preservation of 
triangular faces throughout and has been observed in both carboranes and their 
boron hydride equivalents. As each face is free to move independently of the cage, 
the restrictive diametric relationship observed in DSD is bypassed and the para 
isomer can, theoretically, be obtained.48 
 
 
Figure 1.22: Triangular Face Rotation (TFR) rearrangement of carborane 
 
To determine which of these methods is involved in the thermal isomerisation of 
carborane a series of studies have been undertaken, employing experimental 
techniques – 10B labelling, halogen and alkyl substituents – in addition to complex 
computational investigations. Both methods have been observed in the isomerisation 
of ortho-carborane to meta-carborane, which takes place at around 675 K in an inert 
atmosphere. The necessary intermediates for each method have been observed 
computationally and 10B labelling shows complete scrambling of the BH units, 
suggesting that multiple mechanisms are at work.62 Conversion of meta-carborane to 
para-carborane, however, cannot utilise the DSD mechanism as to do so would 
break the antipodal vertex geometry. Therefore fewer mechanisms are available for 
this transformation; a conclusion supported by the significantly higher temperatures 
(925 – 975 K) needed to drive the reaction. 
 
Following the development of useful synthetic methods, carborane research 
flourished  –  initially using the unique features of the closo cage in novel materials 
before moving on to the exploitation of a host of open-cage structures. These nido, 
arachno and hypho structures can be derived from the parent closo cage, often 
leading to vastly different properties. Further interest in carboranes has stemmed 
from the unique ability of carboranes – and other polyhedral boranes – to 
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accommodate a huge range of metal and non-metal guest atoms into the cage 
framework. Complexes have been formed with a large number of elements from 
across the periodic table, with the only exceptions being the highly electropositive, 
electronegative or inert (group 18) elements.48 
 
1.6.3 Bonding Motif 
 
The bonding motif in boron hydrides and organoboranes has been known as non-
classical for some time. The traditional notion of two electrons forming a single σ 
bond between two atoms is an unsuitable description of bonding in electron-deficient 
boron cluster networks. As such, the connecting lines in diagrams of these molecules 
are used to show geometry only.48 Bonding in boron hydrides cannot be explained 
using traditional Lewis structures; therefore a new model had to be determined. 
Lipscomb introduced the localised bond concept and applied it to boron clusters, 
initially using a combination of two-centre-two-electron (2c2e) and three-centre-two-
electron (3c2e)  bonds to describe bonding.48,63 This combination of bonds in which a 
single electron pair is used to link two atoms – the usual situation in organic 
chemistry – or three atoms, as is common in B-H-B and B-B-B bonds, provided some 
insight but could not be used to fully describe the unusual bonding motif. The 
tendency of boron to participate in 3c2e bonding arises from the presence of four 
valence orbitals but only three valence electrons (compared to carbon which has four 
of each), in addition to a low electronegativity. The resultant structures are electron 
deficient, but stable. 3c2e bonding was found to be a suitable model, in which two 
electrons are shared between three atoms with each contributing one orbital to the 
formation of the bond.64,65 
 
 
Figure 1.23: Diagram showing 3c2e bonding in diborane (B2H6). 
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In diborane – the smallest boron hydride – each boron atom uses two sp3 orbitals 
and two electrons to form the terminal B-H bonds, leaving each with one electron and 
two sp3 orbitals. A 1s hydrogen orbital can overlap with an occupied sp3 orbital from 
one boron atom and an unoccupied sp3 orbital from the other, forming a 3c2e 
‘hydrogen bridge’ bond (Figure 1.23). Two of these bonds are used to hold the 
structure together, and the concept continues through larger boron hydrides – 
including carboranes. 
 
The high boron content of carboranes allows them to be thought of as polyborane 
clusters with substituted carbon atoms.48 Traditionally, the substitution of carbon into 
such non-classical structures would be expected to be difficult. However, similar 
bonding motifs have been observed in non-classical carbocations (C6Me6
2+) and 
metal complexes with agostic C-H·M interactions, in addition to in carboranes.48 
Lipscomb’s localised bond theory predicted a range of icosahedral structures and 
subsequent fragments.63,52 When applying the theory to these deltahedral structures 
it is vital to consider resonance structures, which are further complicated by the 
introduction of carbon heteroatoms. To fully deduce the bonding in carboranes, 
localised bond theory was succeeded by molecular orbital methods more geared 
towards electron deficient cluster systems.48 
 
1.6.3.1 Wade’s Rules 
 
Wade identified that the underlying pattern in boron clusters was based on 
deltahedra (triangular faced polyhedrons) rather than icosahedra (equilateral triangle 
faced polyhedrons), specifically. A correlation between geometric structure and the 
available number of skeletal electrons was proposed, forming the basis of the now 
ubiquitous Wade’s rules.66 Also known as polyhedral skeletal electron pair theory 
(PSEPR), Wade’s rules have been enormously useful in cluster chemistry and across 
inorganic chemistry as a whole. This section details the underlying principles of these 
rules and their application to carboranes. 
 
Cluster molecules are constructed from building blocks, each of which donates a 
given number of electrons to the framework. In most instances, three orbitals are 
used in bonding to neighbouring atoms, maximising bonding between the cluster 
atoms.48 Isolobal units – those with frontier molecular orbitals of the same symmetry 
– supply the same number of electrons, allowing geometry to be maintained.66 The 
BH unit has four valence electrons, two of which are used in the B-H bond, leaving 
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two for skeletal bonding. Therefore, it is said that BH is a two-electron-donor. 
Applying the same reasoning to other units, it can be deduced that CH is a three-
electron donor and NH is a four-electron donor. 
 
The geometry of the cluster is determined by the number of skeletal electron pairs 
(SEPs) donated by all contributing units. For an n-vertex polyhedron, in which each 
vertex unit contributes three orbitals, there will be 3n MOs available for bonding. 
These take the form of a pair of px and py orbitals tangential to the cluster surface 
and an spz orbital directed towards the centre of the cluster (Figure 1.24). Resulting 
from this are n σ pxy bonding MOs on the polyhedral surface and an additional 
bonding MO inside the cluster, formed from the in-phase overlap of spz hybrid 
orbitals pointed towards the centre – totalling n+1 bonding MOs. 
 
 
  
Figure 1.24: Orientation of px, py and spz orbitals contributed by a cluster atom to skeletal 
bonding 
 
Removal of structural units leaves the number of skeletal bonding MOs unchanged, 
allowing the formation of closo, nido, arachno and hypho structures which all possess 
n+1 skeletal electron pairs.48 The abidance of carborane with Wade’s rules is 
confirmed by the total number of skeletal electrons adhering to the 2n + 2 formula, in 
which n is the number of skeletal atoms. For an icosahedron, n is equal to 12, 
therefore the total number of skeletal electrons must be equal to 26. This is satisfied 
by the donation of two electrons from each of the BH units and three electrons from 
the CH units. 
 
Obedience with Wade’s rules, and therefore delocalised 3c2e bonding, is further 
confirmed by crystallographic studies. The cage C-C bond length, which is typically 
around 1.34 Å in double bonds and 1.54 Å in single bonds, has been measured at 
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1.63 Å in ortho-carborane (the only isomer in which a C-C bond is present).48 
Similarly, the B-C bond lengths in carboranes – which varies from 1.70 – 1.75 Å – are 
longer than in traditional organoboranes. In trimethylborane, for example, the bond 
length is only 1.58 Å.48 These increased bond lengths concur with the reduced bond 
density predicted by Wade’s rules, and are made stable by the availability of many 
resonance structures and high cluster atom connectivity. This delocalisation of 
electrons has made it possible to describe the bonding in carboranes as three-
dimensionally aromatic, with valence electrons free to move around the entirety of 
the cage. 
 
1.6.4 Properties and Applications of Carboranes 
1.6.4.1 Electronic and Physical Properties 
 
The atypical bonding in carborane leads to unusual electronic and physical 
properties. As a result of electron delocalisation around the cage, carboranes are 
highly stable to acids, oxidising agents and high temperatures.48 The aromaticity of 
carboranes is such that they are often referred to as three-dimensional analogues of 
benzene, in which 26 electrons occupy 13 bonding molecular orbitals, leading to the 
application of terms such as ‘superaromaticity’ or ‘three-dimensional aromaticity’48. 
Such aromaticity can be observed experimentally through stability measurements, 
magnetic properties and NMR shifts. A spherical aromatic nature is also reflected in 
reactivity; the rate of C-substitution reactions, for example, can be altered with the 
addition of boron substituents, suggesting electronic communication around the cage 
is possible.48 
 
Electron deficient is a common label for boron cluster compounds, finding its way into 
countless literature papers and reviews.67,68,69  This term has been described by 
some as incorrect, due to the lack of electron density deficiency relative to a more 
stable state.48 Further to this, the cage possesses the correct electronic population 
for maximised stability, with the accommodation of any extra electrons leading to 
cage opening and the formation of higher energy structures. Computational and 
crystallographic studies have shown the electron withdrawing effects of carborane 
are inductive, resulting from the local environment at the electrophilic cage carbon 
atoms, not electron deficiency of the cage itself.48 This inductive electron withdrawing 
ability decreases as the cage carbon atoms move apart, decreasing from ortho to 
meta and para isomers. The polarisability of C-H bonds follows the same pattern, 
rendering ortho derivatives the most reactive and para derivatives the least. 
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Compared to C-H, the B-H bonds are much less polar, with almost no protonic 
character observable, making functionalisation of these positions more difficult.48 
 
1.6.4.2 Some Applications of Carboranes 
 
Boron neutron-capture therapy (BNCT) is a useful, non-invasive method of treating 
cancerous tumours and malignant cells.70,71 Irradiation of 10B – a non-radioactive, 
stable isotope of boron – with low energy (< 0.025 eV) or thermal neutrons produces 
an unstable 11B nucleus, which spontaneously undergoes fission to generate a 
reactive lithium nucleus, an alpha particle and 2.4 MeV of energy (Scheme 1.6).48,72 
The high energy particles produced in this reaction have a destructive effect on 
tissue cells, damaging them irreversibly. The path length of these particles is 
approximately 10 µm, roughly the size of one cell, leading to highly desirable 
localised damage in boron-loaded cells.73 Carboranes have been utilised in this field, 
with their stability, versatility and very high boron content being of specific use.71,70,72 
Additionally, their low toxicity and ability to be quickly excreted from the body apply 
further merits to their use. Tethering one or more carborane molecules onto a 
biologically active compound enables the necessary amount of boron (20 mg/g or ~ 
109 atoms/cell) to be transported to the necessary site.72 Carboranyl-porphyrins are a 
good example of such molecules and with boron weight contents ranging from 32-
43%, low systemic toxicology and high chemical stability they are the subject of 
intense research and development (Figure 1.25). 
 
 
Scheme 1.6: Scheme showing decay of 
10
B in BNCT. 
 
 
 32 
 
 
Figure 1.25: Structure of a biologically active carborane containing porphyrin. 
 
The high stability, hydrophobicity and rigid spherical character of carboranes have 
led to their employment as pharmacophores in a range of medicines and 
pharmaceuticals (Figure 1.26).74,75 The ability to modulate or enhance hydrophobic 
interaction with receptors through incorporation of carboranes has enabled a new 
family of medicines to be developed; with retinoidal antagonists, estrogen receptor 
modulators and thrombin inhibitors just a few applications.76,77 
 
  
  
Figure 1.26: Carborane containing pharmacophores: 1-Amino-12-(4-hydroxyphenyl)-1,12-
dicarba-closo-dodecaborane (left) and 8-ethynyl-(2-para-carboranyl)-2’-
deoxyadenosine (right). 
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The extraordinary stability of carboranes has been exploited in the production of 
temperature and chemical resistant elastomeric materials.48 A huge range of 
carborane containing non-conjugated polymers have been synthesised, incorporating 
carboranes directly into common materials such as polyesters, polyurethanes and 
polyamides. In all cases, significantly improved thermal stability being observed upon 
incorporation of ortho-carborane into the backbone.78 A notable example of this is 
DEXSIL, a range of carborane containing polysiloxanes commercialised by the Olin 
Corporation (Figure 1.27). These meta-carborane containing materials have found 
use as coatings and rigid foams and are produced on a large scale.  
 
 
Figure 1.27: Structure of Dexsil polysiloxanes. 
 
1.6.4.2 Previous Examples of Carborane Containing Conjugated Polymers 
 
The first reported carborane containing semiconducting polymer was reported by 
Fabre and co-workers in 2003. They reported the formation of an electroactive 
polymer film by the electropolymerisation of ortho-carborane-substituted pyrrole 
which showed increased resistance to overoxidation when compared to 
unsubstituted poly(pyrrole) (Figure 1.28).79 The insoluble nature of this material, 
however, precluded its application in organic electronic devices, where solution 
processability is essential. 
 
Figure 1.28: Structure of ortho-carborane-substituted pyrrole electropolymerised by Fabre 
and co-workers. 
 
Further developments were made by Peterson and co-workers who synthesised 
polyfluorenes in which ortho-carborane was directly incorporated into the polymer 
backbone (Figure 1.29).80 They found that the bent conformation of the polymer 
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severely limited molecular weight, although they observed contributions from ortho-
carborane towards the conjugation of the system and an influence on solution state 
emission spectra, suggesting that ortho-carborane containing materials may be 
useful for sensors and light emitting devices. 
 
Figure 1.29: Structure of ortho-carborane-containing polyfluorene reported by Peterson and 
co-workers. 
 
Kokado et al. reported the first study of both ortho and meta-carborane as 
components of semiconducting polymers, in which meta-carborane was shown to 
increase luminescence whereas polymers containing ortho-carborane exhibited 
aggregation–induced emission.81 Further work by the same group showed that 
conjugation along the polymer backbone was not inhibited by the inclusion of meta-
carborane, and that the reduced steric constraints of the meta isomer meant that 
higher molecular weight polymers could be realised than when ortho-carborane was 
employed. They observed intense blue emission in the solution state and low 
molecular orbital energies, concluding that meta-carborane containing materials may 
be suited for use in n-type materials and light emitting diodes. 
 
 
Figure 1.30: Polyfluorene with para-carborane in the polymer backbone. 
 
Research into the influence of para-carborane on conjugated polymer systems is less 
common than that of the other carborane isomers, although in 2009 Peterson et al. 
investigated the properties of polyfluorene with para-carborane in the backbone 
(Figure 1.30). They observed an increase in Tg and improved thermal properties, 
while maintaining polymer solubility, suggesting the potential of carborane to 
influence material properties in addition to electronic properties. 
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1.7 Scope and Aims of this Thesis 
 
The primary aim of this work is to design, synthesise and characterise a range of 
novel carborane containing monomer units and incorporate them into semiconducting 
polymers. The focus of this thesis will lie on three different systems, differentiated by 
the method through which carboranes are incorporated into novel series of 
conjugated polymers.  
 
 
 
 
Figure 1.31: Structure of benzocarborane (left) and benzocarborano[2,1-b:3,4-b’]dithiophene 
(right). 
 
In the first instance, ortho-carborane will be linked to a conjugated polymer backbone 
via both of its carbon atoms, forming a benzocarborane unit. Studies into effective 
methods of benzocarborane difunctionalisation will be undertaken followed by the 
analysis of benzocarborane containing polymers as active components of organic 
field effect transistors. Additional studies on benzocarborane will involve the 
synthesis of a monomer unit with two fused thienyl rings, the influence of which will 
be investigated by comparison with the ‘naked’ benzocarborane system. 
 
 
Figure 1.32: Structure of dicarboranyl-benzo[1,2-b:4,5-b’]dithiophene 
 
The second study will focus on the synthesis, DFT modelling and characterisation of 
a bis-carborane substituted benzo[1,2-b:4,5-b’]dithiophene monomer unit and its 
subsequent copolymerisation with a range of known electron-withdrawing 
comonomers (Figure 1.32). Upon comparison to thienyl and phenyl analogues, the 
incorporation of carborane is anticipated to lead to changes in optical and physical 
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properties of the polymer, whose effects will be examined further by use as active-
layer components of organic field effect transistors and photovoltaic devices. 
 
 
 
 
 
 
 
 
 
 
Figure 1.33: Structures of polythiophenes with vinyl-carborane pendant groups 
 
The final part of this work will involve a systematic study on the effects of 
incorporating all three carborane isomers onto a polythiophene backbone (Figure 
1.33). Linked to the cage by a conjugated, yet flexible, ethylene unit, the effects of 
ortho, meta and para carborane on a simple conjugated polymer backbone will be 
examined and compared to known aromatic equivalents. The analysis of 
fundamental optical properties, material properties and performance as components 
of transistors and solar cells will enable an understanding of the effects of carborane 
incorporation to be developed. 
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Chapter Two 
 
Benzocarborane Containing Conjugated Polymers for 
Organic Field-Effect Transistors 
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2.1 Introduction 
 
1,2-(Buta-1’,3’-diene-1’,4’-diyl)-dicarbadodecaborane (benzocarborane) is comprised 
of a fused ortho-carborane and benzene system, with the latter forming a six-
membered ring that connects the two cage carbon atoms (Figure 2.1). Incorporation 
of ortho-carborane, the most polarisable and electron withdrawing isomer,1 into an 
extended aromatic system is anticipated to enable the multiple desirable 
characteristics of carborane: stability, rigidity and electron deficiency, to be exploited 
via a novel polymeric framework. 
 
Figure 2.1: Structures of (left – right) ortho-carborane, meta-carborane, para-carborane and 
benzocarborane. Unlabelled vertices represent BH units. Protons omitted for clarity. 
 
Benzocarborane first came to prominence in the 1970s, with Zakharkin and Wade 
leading the studies into its interesting bonding motif, reactivity and physical 
properties.2,3 While it has been claimed that the fused benzene ring and carborane 
cages are electronically discrete,4 the π-like nature of the cage C-C bond, orientation 
of the cage carbon spz orbitals and unexpected stability suggest that electronic 
interactions between the two may be present, thereby allowing the properties of the 
aromatic system to be modified by the presence of the carborane cage. The planarity 
of benzocarborane adds to its attractiveness as a component of  semiconducting 
polymers; the potential to incorporate carborane into the plane of the conjugated 
backbone is appealing, whilst the lateral displacement of the three dimensional 
carborane cage from the backbone may still allow the polymer chains to pack in 
close proximity to each other. It is also anticipated that the potential electron 
accepting behaviour of ortho-carborane may result in the benzocarborane unit 
possessing electron withdrawing behaviour. It is, however, unknown how 
benzocarborane acts upon inclusion into an extended aromatic system. 
 
2.2 Aims 
 
In order to incorporate benzocarborane into a conjugated polymer, a suitable 
difunctionalised monomer was required. Previous reports of disubstituted 
benzocarboranes have utilised three-component [2+2+2] cycloaddition reactions 
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during their preparation.5,6 Although this nickel-mediated process offers good yields, 
the synthesis of only meta-substituted benzocarboranes is a major drawback. This 
functionalisation pattern is not desirable for incorporation into a conjugated polymer 
for two reasons: 1,3-disubstitution leads to a product which is not through-conjugated 
(Figure 2.2), resulting in materials with conjugation lengths that are extremely short. 
These conjugation blocking units may be useful in other systems but in charge 
transporting semiconducting polymers, it is generally accepted that the conjugation 
length must be extended along the system to facilitate charge transport.7 Secondly, 
the non-linear shape imparted onto the backbone as a result of this meta-substitution 
is likely to inhibit molecular stacking and lead to interstitial trapping sites, hindering 
charge transport and impeding device performance. 
 
 
Figure 2.2: Para-substituted benzene (top) showing through conjugation and meta-
substituted benzene (bottom) acting as a conjugation blocker 
  
The first aim of this study was to develop a suitable synthetic route to 1,4-
difunctionalised benzocarborane, appending functional groups that are suitable for 
polymerisation; organostannyl units, boronic esters or halogen atoms (Scheme 2.1). 
A series of test reactions determined the candidacy of each, with the best performing 
monomers incorporated into number of conjugated polymers. The materials 
produced were analysed, optically and electronically, to determine the effects of 
incorporation of benzocarborane into a conjugated polymer. 
 
 
Scheme 2.1: Schematic showing desired 1,4-difunctionalisation of benzocarborane. X = 
SnR3, B(pin), Halogen. 
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2.3 Benzocarborane Monomer Synthesis 
2.3.1 Synthesis of Benzocarborane 
2.3.1.1 Transition Metal-Mediated [2+2+2] Cycloaddition 
 
Benzocarboranes can be produced by reaction of carboryne (1,2-dehydro-o-
carborane) with two alkynes, vide supra, utilising methods available to benzyne, its 
isolobal equivalent.8 Despite the relatively recent discovery of carboryne, its 
comparability to benzyne has enabled analogous reactions to be developed; 
involving alkenes, dienes and alkynes. 
 
 
Scheme 2.2: Schematic showing metal catalysed [2+2+2] cycloaddition of carboryne  
and two disubstituted alkynes. 
 
The metal-mediated [2+2+2] cycloaddition is a useful route to benzocarboranes, with 
initial developments based around the use of a zirconium catalyst (Scheme 2.2). 
Despite early promising results, this method was limited to terminal alkynes due to 
insurmountable steric interactions between the bulky carborane cage and the 
incoming alkyne substrates. Deng and co-workers later developed an improved 
system, in which the use of Ni(PPh3)2 as the catalyst improved the reaction scope to 
a panoply of internal alkynes; aromatic and aliphatic, symmetrical and 
unsymmetrical.8 The labile Ni-bound triphenylphosphine groups were found to be 
readily able to produce vacant sites, assisting coordination with incoming substrates 
and subsequent cycloaddition, therefore increasing reaction candidacy. Limitations of 
this method arise from the head-to-tail addition products generated, with steric 
interactions dominating the reaction mechanism geometry and forming undesirable 
1,3-disubstituted products. No further developments have been made to this method, 
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although it is unlikely that 1,4-diarylated products will be sterically favoured due to 
interactions between the substituent and carborane cage. Additionally, terminal 
alkynes cannot be used in this route as they are able to protonate the nickel-
carboryne intermediate, regenerating ortho-carborane.8 Due to these limitations, this 
method was not investigated as a means of synthesising the desired difunctionalised 
monomer. 
 
2.3.1.2 Synthesis from Di-lithio-ortho-carborane 
 
As direct formation of the desired 1,4-disubstituted benzocarborane was deemed 
unfeasible, the functionalisation of benzocarborane itself was investigated. 
Surprisingly, there is an absence of literature reports on the direct functionalisation of 
the benzocarborane ring, although the original report by Matteson stated that 
benzocarborane was stable in concentrated sulphuric acid at 100 °C and did not 
react with bromine in carbon tetrachloride. It was noted, however, that 
benzocarborane was oxidised by treatment with potassium permanganate, 
suggesting that the ring may be susceptible to further functionalisation.4 The route to 
benzocarborane developed by Matteson and Hota4 was used in this synthesis, 
utilising a dimetallated ortho-carborane derivative, 1,2-dilithio-ortho-carborane. 
Reaction with 1,4-dichloro-cis-2-butene afforded 1,4-dihydrobenzocarborane. 
Subsequent allylic bromination and dehydrobromination afforded benzocarborane in 
25% overall yield, averaging 64% over each reaction step (Scheme 2.3). 
 
 
Scheme 2.3: Synthesis of benzocarborane. 
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2.3.2 Functionalisation of Benzocarborane 
2.3.2.1 Boronic Esters 
 
Since its discovery of in 1979,9  the Suzuki reaction has been ubiquitous in cross-
coupling reactions, with countless reported instances of its use across the entirety of 
chemistry.10 Suzuki couplings – reactions between boronic acids and halides – have 
multiple positive aspects: high yields, general regio and stereoselectivity and non-
toxicity, all of which have contributed to their widespread use. Functionalisation with 
boronic ester groups was identified as an ideal route to monomer synthesis due to 
extensive literature coverage of the Suzuki reaction in organic semiconductor 
synthesis,11,12,13 compound stability14,15 and the preferential use of boronic acids in 
the coupling of phenyl compounds.16 Although a base is used in the reaction – 
activating the boronic ester and aiding transmetallation – it is possible to use a weak 
base, preventing deborylation and subsequent opening of the carborane cage,17 thus 
avoiding monomer degradation. 
 
Scheme 2.4: Synthesis of 1,4-bis(pinacol)benzocarborane 
 
As shown in scheme 2.4, successful di-lithiation of benzocarborane is the first step in 
the di-boronic acid monomer synthesis. Following several unsuccessful attempts, a 
method utilising n-BuLi and tetramethylethylenediamine (TMEDA) was found to 
induce di-lithiation, producing an intermediate state that could be transformed into the 
desired product following quenching with isopropyl pinacol borate. Details of the 
multiple attempts at dilithiation can be seen in table 2.1. Variables included 
temperature, butyllithium isomers, solvents and additives. In each case the reaction 
was quenched with deuterium oxide and the product analysed by 1H NMR. The 
diborlyated product could be easily isolated and purified by column chromatography, 
yielding the desired 1,4-bis(pinacol)benzocarborane in 70% yield. Following 
successful synthesis and isolation of the monomer, its candidacy for polymerisation 
had to be determined. To be considered as a suitable monomer, the di-functionalised 
species had to react with aryl bromides in very high yields and show stability to the 
basic and biphasic reaction conditions used in Suzuki coupling reactions. 
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Table 2.1: Conditions employed for lithiation of benzocarborane. [a] Determined by deuterium 
oxide quench and 
1
H NMR analysis. 
Attempt 
Lithiating Agent (2.2 eq 
in all cases) 
Solvent Temperature Resulta 
1 n-BuLi THF -78˚C to RT Mono lithiation 
2 n- BuLi THF 
-78˚C to 
Reflux 
Mono lithiation 
3 n-BuLi 
Diethyl 
ether 
-78˚C to 
Reflux 
Mono lithiation 
4 t-BuLi THF -78˚C to RT 
No 
deprotonation 
5 n-BuLi Hexane 
-78˚C to 
Reflux 
Mono lithiation 
6 n-BuLi 1,2-DME 
-78˚C to 
Reflux 
Mono lithiation 
7 n-BuLi / TMEDA Hexane -78˚C to RT Di lithiation 
 
Thus, a simple test reaction using 2-bromothiophene was investigated to test the 
feasibility of using bis(pinacol)benzocarborane in a polymerisation reaction (Scheme 
2.5). Although iodinated species are known to be more reactive, the thermal lability of 
the iodine substituents can induce degradation during polymerisation,18 altering the 
ratio of complementary functional groups and hindering polymer molecular weight,19 
hence the use of bromothiophene in this instance. Literature coupling conditions20 
were initially investigated, yielding the desired dithienylated product in 23% yield with 
the monothienylated product as the major impurity. In an attempt to improve the 
dithienyl:monothienyl ratio, a number of alternative reaction conditions were 
employed; varying the palladium catalyst, phosphine ligands and reaction solvents. 
Despite extensive reaction variation (Table 2.2), the maximum dithienylated yield was 
54%. This is significantly lower than typical aryl boronic acid coupling yields seen in 
polymer synthesis, potentially due to competing deborylation reactions, suggesting 
that the reactivities of benzocarborane and benzene are likely to be different. 
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Scheme 2.5: Suzuki coupling of 1,4-bis(pinacol)benzocarborane and 2-bromothiophene. 
 
Table 2.2: Conditions employed for Suzuki couplings of bis(pinacol)benzocarborane. [a] 
Determined by GC-MS analysis of crude reaction mixture. 
Attempt 
Pd(0)  
Source 
Ligand / 
Additives 
Reaction 
Temp (°C) 
Reaction 
Time (h) 
Yielda 
1 Pd2(dba)3 P(o-tol)3 120 48 23% 
2 Pd(PPh3)4 - 120 48 17% 
3 Pd2(dba)3 P t-Bu3 120 48 46% 
4 Pd(OAc)2 P t-Bu3 120 48 41% 
5 Pd2(dba)3 P t-Bu3, CsCO3 120 48 54% 
 
Additional evidence for the unsuitability of bis(pinacol)benzocarborane as a 
comonomer was obtained through the attempted copolymerisation with a 
dibrominated cyclopentadithiophene (CDT) derivative, using the optimum conditions 
shown in table 2.2. An oligomer with a mass (Mn) of only 2.3 kDa was isolated, 
corresponding to a degree of polymerisation of approximately 3.5 (Figure 2.3). 
Clearly, this molecular weight is not suitable for use in OFET applications,7 therefore 
alternative functionalisation methods were investigated. 
 
 
Figure 2.3: Structure of oligo(benzocarborane-cyclopentadithiophene). 
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2.3.2.2 Bromination 
 
The utility of bromine-functionalised monomers to take part in multiple polymerisation 
reactions – Suzuki, Stille, Kumada, Yamamoto, etc. – led to the design of 1,4-
dibromobenzocarborane (Figure 2.4) as a potentially useful monomer. Literature 
methods for aromatic bromine substitution are plentiful; therefore it was supposed 
these could be readily applied to benzocarborane.  
 
 
   Figure 2.4: Structure of 1,4-dibromobenzocarborane. 
 
Initially electrophilic substitution – a classic reaction of aromatic species and their 
derivatives – was attempted. If the established pathway was to be followed, a 
stoichiometrically determined mixture of halogenated products would be expected. 
This, however, was not the case. Akin to the reactions of a diene, bis-addition of 
bromine was observed, supporting the diene-like bonding motif proposed by 
Matteson and Hota.4 A mixture of the 1,2-dibromide and 1,4-dibromide was observed 
upon treatment with either NBS or molecular bromine, typical of diene-like reactivity 
(Scheme 2.6). The unwillingness to participate in electrophillic substitution added 
further disparity between the reactivities of benzene and benzocarborane. 
 
 
Scheme 2.6: Electrophillic bis-addition of bromine to benzocarborane. 
 
A method to circumvent bromine addition was identified, based on dilithiation 
followed by subsequent quenching with a brominating agent. 1,2-
dibromotetrachloroethane was employed, owing to its high performance as a 
brominating agent and literature precedence for high bromination yields of lithiated 
species.21,22 Lithiation methods developed in section 2.3.2.1 were utilised, and 
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following reaction quench and purification, the dibrominated product was isolated in 
55% yield (Scheme 2.7).  
 
 
Scheme 2.7: Lithium-mediated dibromination of benzocarborane. 
 
However, the stability of 1,4-dibromobenzocarborane was found to be an issue – with 
labile bromine atoms provoking decomposition within a few hours at room 
temperature – impeding storage of the material. In the solid state the material rapidly 
darkened over several hours and NMR analysis of the degraded product showed 
several materials to be present. Again, it could be noted that this instability is not 
analogous with dibromobenzene, which is known to withstand long periods in 
ambient conditions. This poor stability is problematic, especially when the high 
temperatures and pressures used in polymerisation reactions are considered. 
Therefore, on this evidence, it was determined that 1,4-dibromobenzocarborane was 
not usable as a benzocarborane containing monomer. 
 
2.3.2.3 Stannylation 
 
It is suspected that, if not for his untimely death in an aeroplane crash in 1989, John 
K. Stille would have been one of the shared recipients of the 2000 Nobel Prize in 
Chemistry. His eponymous reaction is a key component of palladium-catalysed 
cross-coupling chemistry and is used extensively in the synthesis of polymeric 
semiconductors.23,24 Despite its usefulness, hesitations in the use of Stille coupling 
arise from the high toxicity of organotin compounds and difficulties in purification of 
organotin reagents arising from the relative instability of carbon-tin bonds. 
 
A possible cause for the poor yields of Suzuki coupling reactions (section 4.3.2.1) is 
a steric repulsion caused by the proximity of the bulky carborane cage to the boronic 
ester functional group. This is likely to impede catalytic transmetallation, thereby 
hindering reaction progress. This theory is supported by 1H NMR analysis, which 
shows a significant amount of unreacted starting material present, even after an 
extended reaction time. Replacing the sp2 carbon-boron bond (whose typical length 
is 1.33 Å)25 with a sp2 carbon-tin bond (typically 2.14 Å in length)26 was anticipated to 
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1.57 Å 2.17 Å 
reduce this steric interaction and make transmetallation, and therefore cross-
coupling, more likely to occur. This increased bond length was observed in 
computational modelling of the distannylated and diborylated monomers (Figure 2.5). 
The optimised geometry of the stannous compound showed a C–Sn bond length of 
2.17 Å, significantly longer than the C–B bond whose length was predicted to be  
1.57 Å. 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Optimised geometries of 1,4-bis(pinacol)benzocarborane (left) and 1,4-
bis(trimethylstannyl)benzocarborane (right). Calculated in Gaussian09 with the B3LYP/6-31G* 
basis set. 
 
A synthetic route was devised utilising the lithiation methods determined earlier 
(Section 2.3.2.1), followed by quenching with tributyl tin chloride. Unusually for an 
organotin compound, no degradation was observed during purification via column 
chromatography. In many cases, the slight acidity of silica is known to result in 
cleavage of the C-Sn bond, leading to reduced monomer purity and hindering 
optimum polymeric molecular weight. In this case, however, this was not an issue 
and the distannylated product was afforded in 46% yield (Scheme 2.8). A test 
reaction with 2-bromothiophene afforded the desired dithienylated species in an 
isolated yield of 81%, a yield deemed sufficient to take forward to the polymerisation 
step.  
 
 
Scheme 2.8: Synthesis of 1,4-bis(tributylstannyl)benzocarborane. 
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2.4 Copolymerisation with Cyclopentadithiophene 
 
Cyclopentadithiophene is a widely used comonomer in polymeric 
semiconductors27,28,29 and was identified as a suitable component for a 
benzocarborane containing conjugated system. Its fused aromatic nature, off-set 
solubilising groups and planarity render CDT as an excellent comonomer choice for 
high performing semiconducting polymers. Through the copolymerisation of CDT – 
an electron rich unit – and benzocarborane, which incorporates an electron deficient 
carborane cage, it was anticipated that a donor-acceptor (DA) polymer might be 
realised, providing that benzocarborane was sufficiently electron withdrawing. Such 
polymers offer a ready route to controlling polymer energetics due to the localisation 
of the HOMO and LUMO on the electron rich and electron deficient units 
respectively. pBZ-CDT was synthesised via Stille polymerisation of 1,4-
di(tributyl)stannyl-benzocarborane with 2,6-dibromo-4,4-bis(dodecyl)-4H-
cyclopenta[1,2-b:5,4-b’]dithiophene by heating in toluene in a sealed microwave tube 
at 140 °C for three days (Scheme 2.9). After cooling to room temperature, the 
polymer was precipitated into acidified methanol and purified by sequential Soxhlet 
extractions using methanol, acetone, n-hexane and chloroform, the latter of which 
was retained. Potential catalytic impurities were removed by chelation with sodium 
diethyldithiocarbamate and subsequent washing with water, followed by preparative 
size exclusion chromatography (SEC). Following concentration and precipitation, the 
polymer was afforded as a dark purple solid in a 70% yield with a Mn of 14 kDa, Mw of 
17 kDa and a PDI of 1.2. 
 
Scheme 2.9: Synthesis of pBZ-CDT. 
 
 
2.4.1 Optical Properties and Energy Levels 
 
The optical properties of pBZ-CDT were determined by UV-Vis absorption 
spectroscopy. In dilute chlorobenzene solution a  λmax of 571 nm was recorded, 47 
nm greater than a carborane-free poly(benzene-CDT) (pB-CDT) analogue which was 
synthesised for comparative purposes. Upon film formation this value red shifted to 
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584 nm and a slight long-wavelength shoulder was observed, indicating backbone 
planarization compared to solution and suggesting that a degree of ordering is 
present in the solid state (Figure 2.6). The absorption remains unchanged following 
annealing of the polymer film at 160 °C for one hour. From the onset of absorption in 
the solid state, the optical band-gap was calculated as 1.88 eV. 
 
 
 
 
 
 
 
 
 
 
Figure 2.6: UV-Vis absorption spectrum of pBZ-CDT in dilute chlorobenzene 
solution and in thin film 
 
Upon comparison to CDT copolymers with known strong acceptor groups such as 
benzothiadiazole (which has a λmax of 775 nm in the solid state)
30 or relatively weak 
acceptor comonomers such as 5,8-quinoxaline (with a solid-state absorbance at 625 
nm),31 it appears that benzocarborane is not acting as a strong electron acceptor. 
However when compared to pB-CDT, a small red shift of approximately 50 nm is 
observed. This suggests that the frontier orbitals of benzocarborane are more readily 
delocalised along the conjugated backbone than benzene, in agreement with 
literature observations that the benzenoid system in benzocarborane has only slight 
aromatic character.4 
 
Analysis of spin-coated thin films by photoelectron spectroscopy in air (PESA) 
estimated the ionisation potential of pBZ-CDT as 5.09 eV (± 0.05 eV), a figure within 
both the range needed for effective charge injection from gold electrodes and the 
region where electrochemical oxidation from ambient air is resisted,13 potentially 
facilitating device operation without the need for special barrier layers to exclude 
oxygen and/or water. It is noted that this value is significantly smaller (0.3 eV) than 
measured for pB-CDT using the same technique. This is in agreement with the 
enhanced backbone delocalisation of benzocarborane versus benzene, as expected 
by the reduced resonance stabilisation energy of a diene compared to an aromatic 
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ring. Using this value and the optically determined band-gap, the LUMO level energy 
can be estimated as - 2.71 eV. 
Figure 2.7: Minimum energy conformation of pBZ-CDT trimer, face-on (from top) and side-on 
(second from top). Visualised frontier molecular orbitals of pBZ-CDT trimer: LUMO (second 
from bottom) and HOMO (bottom). 
 
DFT calculations using Gaussian09 and the B3LYP/6-31G* basis set were performed 
to determine the optimum structural geometry of pBZ-CDT. To reduce computational 
demands, trimers were used for the calculations and methyl side groups were used 
instead of the actual sidechains. The optimum geometry is shown in figure 2.7, in 
which a clear twist can be observed between adjacent monomer units in the polymer 
backbone. This 34° dihedral angle is likely to be the result of unfavourable steric 
interactions between α-hydrogen atoms on benzocarborane and on neighbouring 
thiophene rings. While likely to lead to a reduced conjugation length and impede 
intermolecular ordering, this angle is comparable to that observed in the carborane 
free poly(benzene-CDT) analogue.32 
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Visualisation of the frontier molecular orbitals of pBZ-CDT showed limited electronic 
communication between the carborane cage and the polymer backbone (Figure 2.7), 
caused by an obstruction to conjugation across the carborane-benzenoid barrier, 
rendering the carborane cage and the conjugated polymer backbone electronically 
discrete. Therefore it can be deduced that benzocarborane is more akin to an 
electron-withdrawing diene than a fused aromatic system. It was also noted that the 
HOMO-1 and HOMO-2 – the next occupied orbitals lower in energy than the HOMO 
– and the LUMO+1 and LUMO+2 also show no contribution to the molecular orbital 
from the cage atoms, further supporting this absence of communication. 
 
2.4.2 Physical Properties 
 
DSC analysis of pBZ-CDT showed no obvious thermal transitions between 0 °C and 
300 °C, suggesting an amorphous morphology (Figure 2.8). This hypothesis was 
further supported by wide-angle XRD analysis of drop-cast films, in which no 
diffraction peaks were observed. This was unchanged upon annealing at 150 °C 
(Figure 2.8), suggesting an absence of long-range order despite the bathochromic 
shift in absorption upon moving from solution to the solid state. This agrees with 
previously published work on CDT polymers, in which amorphous behaviour was 
generally observed.33 
 
Figure 2.8: Second heating-cooling DSC cycle of pBZ-CDT at 10 °C/min (left). X-Ray 
diffraction spectra of pBZ-CDT as cast and post-annealing (150 °C for 1 hour) (right). 
 
TGA analysis of pBZ-CDT showed high thermal stability, with 5% mass loss 
occurring at 375 °C following a heating rate of 10 °C/minute under nitrogen (Figure 
2.9). A smooth curve was observed, suggesting a single decomposition pathway 
before plateauing at a 22% ceramic yield. This insoluble material was suspected to 
be mainly intact carborane cages, which are known to be stable beyond 
temperatures reached during this experiment.17 
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Figure 2.9: TGA trace of pBZ-CDT, heated at 10 °C/minute under N2 atmosphere. 
 
2.4.3 OFET performance 
 
The charge-carrier properties of pBZ-CDT were investigated in bottom gate, bottom 
contact (BGBC) FET devices with gold electrodes. The SiO2 dielectric layer was 
treated with HDMS before use. Films deposited by spin coating exhibited p-type 
behaviour, with a saturated charge carrier mobility of 1.7 x 10-5 cm2 V-2 s-1. A 
threshold voltage of 21 V was required to turn the device on, with a recorded on/off 
ratio of 103 (Figure 2.10). Annealing did not improve performance. The low 
performance is ascribed to the amorphous nature of the polymer film. 
 
Figure 2.10: Transfer (A) and output (B) curves for a pBZ-CDT BGBC OFET. 
 
2.5 Copolymerisation with Diketopyrrolopyrrole 
 
Diketopyrrolopyrrole (DPP) is a widely used component of high performing 
semiconducting polymers;34,35 with p-type field effect mobilities up to 12 cm2 V-1 s-1 
recorded.36 This excellent performance is due to the remarkable aggregating 
properties of DPP,37 a major factor behind its widespread use in OFET and OPV 
devices. 
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Despite benzocarborane being initially designed as the electron deficient component 
of a DA polymer, it was observed to behave akin to an electron deficient diene – 
without sufficient electron withdrawing ability to constitute the acceptor part of a DA 
system, as discussed above. Therefore, copolymerisation with a widely used and 
well known electron deficient species was anticipated to enable the synthesis of a 
benzocarborane containing DA polymer, with benzocarborane acting as the donor 
unit rather than the acceptor. 
 
 
Scheme 2.10: Synthesis of pBZ-DPP. 
 
pBZ-DPP was synthesised via Stille polymerisation of 1,4-di(tributyl)stannyl-
benzocarborane with 3,6-bis(2-bromothien-5-yl)2,5-bis(2-octyldodecyl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione using conditions described earlier, the polymer was 
produced in a 42% yield with a Mn of 12 kDa, Mw of 22 kDa and a PDI of 1.8 
(Scheme 2.10). 
 
2.5.1 Optical Properties and Energy Levels 
 
The optical properties of pBZ-DPP were determined by UV-Vis absorption 
spectroscopy, with the λmax of pBZ-DPP observed at 728 nm in dilute chlorobenzene 
solution (Figure 2.11). This reflects the fact that unlike CDT, DPP is an electron 
withdrawing unit and therefore the band-gap of the resulting polymer is reduced. A 
small shoulder was observed around 900 nm, suggesting some degree of 
aggregation in solution. Upon film formation the λmax of the polymer was blue shifted 
slightly to 722 nm and the strength of the shoulder significantly increased, which was 
attributed to aggregation in the solid state. A previously reported benzene-DPP 
copolymer exhibited a λmax of approximately 680 nm, with an aggregation-induced 
shoulder around 750 nm.32 It is noticeable that the aggregation band in solution and 
the solid state was notably less intense for pBZ-DPP than for the benzene analogue 
relative to the main absorption peak, suggesting that the degree of aggregation was 
reduced, possibly due to the steric demands of the carborane cage. Upon annealing 
the thin film at 160 °C, the λmax is slightly red-shifted to 742 nm, showing that it was 
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possible to improve solid-state ordering by thermal treatment. From the onset of 
absorption in the solid state, the band gap of pBZ-DPP was calculated as 1.23 eV,  
0.3 eV lower than the benzene equivalent,32 which is again attributed to enhanced 
electronic delocalisation along the backbone. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11: UV-Vis absorption spectrum of pBZ-DPP in dilute chlorobenzene  
solution and in thin film, pre and post-annealing 
 
PESA analysis estimated the ionisation potential of pBZ-DPP as 5.2 eV (±0.05 eV), 
0.11 eV greater than as seen in pBZ-CDT, representing the increased electron 
deficiency of the DPP comonomer relative to CDT. This value is sufficiently low 
enough to resist atmospheric oxidation, suggesting OFET devices of this material 
may possess the required stability for long-term use. The optically determined energy 
levels of pBZ-DPP can be seen in table 2.3.  
 
Table 2.3: Optical properties and energy levels of pBZ-DPP. [a] Measured in dilute 
chlorobenzene solution. [b] Spin-coated from 5 mg/mL chlorobenzene solution. [c] Measured 
as a thin film by PESA (error ±0.05 eV).[d] Determined from PESA calculated HOMO – optical 
band gap. 
Polymer λmax Sol.
a λmax Film
b HOMOc LUMOd 
pBZ-DPP 728 nm 742 nm -5.2 eV -4.0 eV 
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Figure 2.12: Minimum energy conformation of pBZ-DPP trimer, face-on (from top) and side-
on (second from top). Visualised frontier molecular orbitals of pBZ-DPP trimer: LUMO 
(second from bottom) and HOMO (bottom). 
 
DFT calculations were performed in Gaussian09 using the B3LYP/6-31G* basis set, 
theoretically calculating the minimum energy conformation of pBZ-DPP (Figure 2.12). 
As was the case with pBZ-CDT, a clear twist is observed in the polymer backbone, 
resulting from the same α-hydrogen steric interactions seen earlier. At 37°, this 
dihedral strain is likely to lead to a non-planar backbone and therefore a reduced 
conjugation length; although the improved aggregating properties of DPP relative to 
CDT may be the determining factor in film morphology. The optimised geometries 
were then subjected to time-dependent DFT (TD-DFT) to calculate HOMO and 
LUMO energy levels (Table 2.3). Again, visualisation of the frontier molecular orbitals 
shows that the carborane cage is not electronically linked to the polymer backbone.  
 
2.5.2 Physical Properties 
 
DSC analysis of pBZ-DPP showed two clear endotherms on heating, at 120 °C and 
215 °C, with a corresponding exotherm at 192 °C upon cooling (Figure 2.13). It is 
likely that the transitions around 200 °C correspond to the backbone melting and 
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recrystallizing, respectively, whereas the lower temperature endotherm may be a 
result of sidechain melting. The observed transitions were fully reversible upon 
repeated cycling, indicating good thermal stability. 
 
Figure 2.13: Second heating-cooling DSC cycle of pBZ-DPP at 10°C/min. 
 
XRD studies on drop cast films showed strong lamellar (d100) packing, typified by a 
strong, narrow diffraction resonance corresponding to an interlayer spacing of 22.1 Å 
(Figure 2.14). Upon annealing at 160 °C the spacing distance remained constant but 
the diffraction peak increased in intensity and a small second order peak was also 
observed, indicative of an increase in film crystallinity. These results suggest that the 
presence of the three-dimensional carborane cage does not significantly impede the 
aggregation properties for which DPP is well known. No π – π stacking was 
observed, even after annealing. This is a potential side-effect of the twisted polymeric 
backbone and long, branched solubilising alkyl chains impeding intermolecular 
interactions; it is generally accepted that good π – π contact is necessary for optimal 
device performance. As with pBZ-CDT, good thermal stability was observed by TGA, 
with 5% mass loss occurring at 400 °C (Figure 2.14). 
 
 
 
 
 
 
 
 
 
Figure 2.14: X-Ray diffraction spectra of pBZ-DPP film as cast and post-annealing (left, 
offset for clarity) and TGA trace of pBZ-DPP performed with a heating rate of 10 °C/minute 
under nitrogen (right). 
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2.5.3 OFET Performance 
 
Charge carrier mobility was investigated in both BGBC and top gate, bottom contact 
(TGBC) devices utilising gold source and drain electrodes. With an experimentally 
and computationally-derived HOMO energy in the ideal region for charge injection – 
close to -5 eV – it was anticipated that device performance would be reasonable, 
owing to a low barrier to charge injection. However, no field effect was observed in 
BGBC devices. Moving to a TGBC architecture resulted in measurable devices. 
Analysis of the transfer curve suggested ambipolar mobility, possibly a result of the 
low band gap of the polymer facilitating injection into the LUMO as well as the 
HOMO. However a large gate bias was needed for the device to obtain currents 
close to saturation (Figure 2.15), and the absence of a true saturation regime for 
either hole or electron transport meant that reliable performance characteristics could 
not be calculated. The poor performance is somewhat unusual as evidence of solid 
state ordering would usually lead to reasonable charge transport. However, it can be 
noted that in the case of other DPP copolymers with comonomers with bulky 
sidechains – such as 9,9-dioctylfluorene38 or 9,9-dioctylgermafluorene39 – evidence 
of semicrystallinity is observed in the solid state but charge carrier mobilities are also 
low. Thus it is possible that the relatively high steric demands of the benzocarborane 
unit, coupled with the backbone torsional twist prevents close overlap of the 
conjugated chains and therefore suppresses charge carrier mobility. 
 
Figure 2.15: Transfer (left) and output (right) curves for a pBZ-DPP TGBC OFET 
 
2.6 Conclusions 
 
This study reports a novel method of selective 1,4-difunctionalisation of 
benzocarborane with either boronic ester or tributylstannyl groups. Upon attempted 
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polymerisation of both monomers it was found that the boronic ester was relatively 
unstable under a range of reaction conditions, resulting in the synthesis of a low 
molecular weight oligomer. However, better reactivity was observed for the 
organostannane derivative, enabling it to be copolymerised with an electron rich CDT 
co-monomer and an electron poor DPP co-monomer. The resulting polymers were 
characterised by a range of techniques and demonstrated full electronic 
delocalisation along the polymer backbone. A combination of experimental and 
computational data suggested that the benzocarborane unit did not have a strong 
electron withdrawing influence, and was more akin to an electron deficient diene 
linking unit. Working transistor devices were reported for the first time with 
benzocarborane containing polymers, albeit with low charge carrier mobilities. 
Possible reasons for this low performance include torsional disorder along the 
polymer backbone as a result of steric interactions between neighbouring monomer 
units and potential impediment of π – π stacking caused by the presence of the bulky 
three-dimensional carborane cage. 
 
2.7 Expansion of Benzocarborane Series 
 
Due to the relatively low performance of the benzocarborane containing polymers, an 
alternative monomer, in which two fused thienyl rings were incorporated into the 
structure, was investigated. Originally reported by Morisaki and co-workers,40 
benzocarborano[2,1-b:3,4-b’]dithiophene (BZTT) (Figure 2.17) offers a promising 
alternative; compared to benzocarborane, the structure of BZTT lends itself for use in 
semiconducting polymers. Incorporation of a fused aromatic system, the benefits of 
which are well known, was anticipated to lead to improved π-orbital overlap between 
neighbouring rings and therefore an increase in conjugation.7,41 Additionally, when 
compared to benzocarborane, the presence of terminal thiophene groups were 
expected to minimise steric interactions between α-hydrogens on adjacent 
monomers, which can lead to unfavourable out-of-plane twists along the backbone. 
Suppression of these twists was anticipated to improve π – π ordering in the solid 
state and therefore improve device performance.42 Additionally, it is known that Stille 
polymerisation is more suited to thiophenes than phenyl rings, so it was hypothesised 
that higher molecular weight species would be obtainable via this method. Backbone 
planarity and molecular weights are vital parameters for OFET performance, 
therefore it was hoped that device performance could be improved through such 
modifications.  
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2.7.1 Aims 
 
The aim of this study was to synthesise a polymerisable BZTT monomer and 
subsequently polymerise with solubilised, dibrominated CDT and DPP derivatives, as 
in the previous study. The effects of changing the design of the benzocarborane 
containing monomer were investigated and comparisons drawn against the monomer 
described earlier in this chapter. 
 
Figure 2.17: Structures of benzocarborane (left) and  
benzocarborano[2,1-b:3,4-b’]dithiophene (right). 
 
2.8 Monomer Synthesis 
 
A slightly modified literature route to the target monomer was utilised, based upon 
the alkyne insertion reaction of 2,2’-dibromo-3,3’-dithienylacetylene and decaborane 
followed by subsequent ring closure and difunctionalisation.40 An overview of this 
route is shown in scheme 2.11. Electrophilic bromination of 3-iodothiophene (1) by 
NBS afforded 2-bromo-3-iodothiophene (2) in 76% yield. A double Sonogashira 
coupling with trimethylsilylacetylene following in-situ deprotection yielded 2,2’-
dibromo-3,3’-dithienylacetylene (3) in 30% yield. The enhanced reactivity of iodine 
relative to bromine ensured that coupling at the β-positions was dominant, leaving 
the brominated α-positions unreacted and available for later reactions. This 
symmetrical acetylene was inserted into decaborane, converting the stable arachno 
structure into the more stable closo-carborane by the inclusion of the two acetylenic 
carbon atoms into the cage. The preference for exo-substitution ensured that there 
were no unwanted isomeric side products for this step, with 2,2’-dibromo-3,3’-
dithienyl-1,2-closo-dicarbadodecaborane (4) being afforded in 63% yield. Treatment 
of 4 with n-BuLi led to dilithiation at the brominated thienyl α-positions, subsequent 
transmetallation with zinc followed by oxidative coupling with copper facilitated a ring 
closure reaction that afforded BZTT (5) in 40% yield. Finally, treatment of 5 with n-
BuLi and subsequent quenching with trimethyltin chloride afforded the distannylated 
monomer (6) in 76% yield. The overall yield for monomer synthesis was 4%. 
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Scheme 2.11: Synthesis of benzocarborano[2,1-b:3,4-b’]dithiophene monomer. 
 
2.9 Copolymerisation with Cyclopentadithiophene 
 
pBZTT-CDT was synthesised via Stille polymerisation of 5,5’-
bis(trimethylstannyl)benzocarborano[2,1-b:3,4-b’]dithiophene with 2,6-dibromo-4,4-
bis(dodecyl)-4H-cyclopenta[1,2-b:5,4-b’]dithiophene using standard microwave Stille 
coupling conditions.23 Purification by Soxhlet extraction, followed by preparative SEC 
as detailed earlier afforded pBZTT-CDT as a dark purple solid in a 61% yield with a 
Mn of 41 kDa, Mw of 78 kDa and a PDI of 1.9 (Scheme 2.12) 
 
 
 
 
 
 
Scheme 2.12: Synthesis of pBZTT-CDT 
 
 
 
 65 
 
2.9.1 Optical Properties and Energy Levels 
 
The optical properties of pBZTT-CDT were investigated by UV-Vis absorption 
spectroscopy. In dilute chlorobenzene solution, the λmax of pBZTT-CDT was 
observed at 550 nm (Figure 2.17). Upon film formation, the λmax of this broad, 
featureless absorption was slightly blue-shifted to 543 nm. The lack of an observed 
red-shift implies that there was no significant change in molecular ordering between 
solution and film, in line with results seen for previously reported CDT polymers.43 
From the onset of absorption in the solid state, the optical band gap was determined 
to be 1.91 eV, comparable to values reported for CDT copolymers with either a 
thieno[3,2-g][1]benzothiole (λmax
film 555 nm. Eg
film 1.91eV) or a pyrazine (λmax
film 554 
nm. Eg
film 1.94eV) comonomer unit.44 The band-gap of pBZTT-CDT is significantly 
wider than for CDT copolymers with a strong donor-acceptor character in which 
intramolecular charge transfer occurs, as seen in the benzothiadiazole copolymer.30 
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Figure 2.17: UV-Vis absorption spectrum of pBZTT-CDT in dilute chlorobenzene  
solution and in thin film. 
 
PESA determined the ionisation potential of pBZTT-CDT to be 5.0 eV (±0.05 eV), 
therefore the optically calculated LUMO level was estimated to be -3.1 eV. This 
HOMO level is comparable in energy to the workfunction of a gold electrode, 
therefore it was anticipated that FET performance may be reasonable. The ionisation 
potential of pBZTT-CDT was lower than its benzocarborane equivalent by 
approximately 0.1 eV whilst the optical band gap was slightly (0.03 eV) larger. DFT 
calculations performed on pBZTT-CDT showed that the addition of terminal thienyl 
groups to the benzocarborane unit partially succeeded in planarising the polymer 
backbone (Figure 2.18), reducing the torsion angle between adjacent comonomers to 
10° for the outermost BZTT-CDT link and 6° between the inner monomers. This 
reduction in torsion angle is also a reflection of the enhanced LUMO delocalisation 
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over the central part of the trimer compared to the outermost rings. It is noted that the 
most energetically favourable backbone configuration for pBZTT-CDT has the 
sulphur atoms in adjacent monomer units arranged in an “anti” configuration, leading 
to a polymer with significant backbone curvature. Despite this curvature, it was 
anticipated that the planarising effect of the fused thiophene rings would lead to 
improved inter-chain interactions, improved crystallinity and therefore better charge 
transport properties. As with the benzocarborane polymers discussed earlier, limited 
electronic communication between the carborane cage and polymer backbone was 
observed. However, in this instance, the presence of fused thienyl rings changed the 
properties of the monomer from having the character of an electron-deficient diene to 
that of a more electron rich, cisoid bithiophene system. The resulting increase in 
donating strength is mirrored in the HOMO energy levels of the polymer, which was 
calculated at -4.91 eV and was less negative than the benzocarborane polymers, 
calculated as -5.16 eV and in agreement with the experimental trends.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.18: Minimum energy conformation of pBZTT-CDT trimer, face-on (from top) and 
side-on (second from top). Visualised frontier molecular orbitals of pBZTT-CDT trimer: 
LUMO (second from bottom) and HOMO (bottom). 
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2.9.2 Physical Properties 
 
No evidence of crystallinity was observed in pBZTT-CDT via DSC measurements, in 
which no obvious thermal transitions were seen between 0 °C and 250 °C at a 
heating rate of 10 °C/minute. This absence of crystallinity was further endorsed by 
XRD of drop-cast films, which showed no reflections that could be attributed to either 
lamellar or π – π stacking (Figure 2.19). As with pBZ-CDT, CDT polymers are known 
to be generally amorphous,31 therefore it cannot be readily deduced what – if any – 
effect the presence of a carborane moiety has on film morphology in this system. The 
polymer possessed good thermal stability, with 5% mass loss observed at 375 °C at 
a heating rate of 10 °C/minute under a nitrogen atmosphere (Figure 2.19). 
 
 
 
  
 
 
 
 
 
 
Figure 2.19: X-Ray diffraction spectra of pBZTT-CDT as cast and post-annealing (1 hour at 
150 °C) (left) and TGA thermogram of pBZTT-CDT recorded under nitrogen with a heating 
rate of 10 °C/minute. 
 
2.9.3 OFET Performance 
 
The semiconducting behaviour of pBZTT-CDT was investigated in BGBC devices, in 
which the SiO2 dielectric was treated with HDMS before use. Thin films of pBZTT-
CDT exhibited p-type charge transporting behaviour, in which well-defined output 
characteristics were observed (Figure 2.20). However low charge carrier mobilities 
on the order of 5 x 10-7 cm2 V-1 s-1 were observed, with an on/off ratio of 103 and a 
threshold voltage of 7 V. Annealing the film under nitrogen at 150 °C did not improve 
device performance. Top gate, bottom contact devices were also fabricated using a 
CYTOP dielectric, but no improvements in device performance were observed. 
Interestingly, upon comparing the performance of pBZTT-CDT to pBZ-CDT it can be 
observed that the introduction of the BZTT comonomer results in a decrease in 
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charge carrier mobility of approximately two orders of magnitude, despite the more 
planar, conjugated backbone present. Both polymers appear amorphous and have 
similar measured ionisation potentials, as well as fully delocalised polymer 
backbones, therefore the difference in performance may be a result of the different 
conformations of the polymer backbones. Examination of DFT-derived trimer 
geometries demonstrates that pBZ-CDT has a more linear backbone than pBZTT-
CDT, in which notable backbone curvature occurs. It is believed that spatial overlap 
between polymer backbones is much more likely in the case of a more linear 
backbone. This may be non-optimal for packing and charge-transport, resulting in 
relatively low performance in both instances. 
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Figure 2.20: FET transfer (left) and output (right) curves for pBZTT-CDT (bottom gate, 
bottom contact, transistor channel = 7.5 µm, transistor width = 1000 µm). 
 
2.10 Copolymerisation with Diketopyrrolopyrrole 
 
 
Scheme 2.13: Synthesis of pBZTT-DPP 
 
pBZTT-DPP was synthesised via Stille polymerisation of 5,5’-
bis(trimethylstannyl)benzocarborano[2,1-b:3,4-b’]dithiophene with 3,6-bis(2-
bromothien-5-yl)2,5-bis(2-octyldodecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione using 
standard microwave Stille coupling conditions (Scheme 2.13).23 pBZTT-DPP was 
produced in a 68% yield with a Mn of 63 kDa, Mw of 99 kDa and a PDI of 1.6, and 
purified using methods described earlier. The molecular weights reported for both 
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BZTT copolymers are significantly higher than their BZ counterparts, and likely to be 
above the effective conjugation length.7 
 
2.10.1 Optical Properties and Energy Levels 
 
The optical properties of pBZTT-DPP were characterised by UV-Vis absorption 
spectroscopy, with the λmax of pBZTT-DPP observed at 784 nm in dilute 
chlorobenzene solution (Figure 2.21), with a significant shoulder at 729 nm. This 
pronounced double peak is seen in many DPP polymers and is often associated with 
aggregation in solution. Upon heating the solution a decrease in intensity of the 784 
nm peak was observed concurrently with an increase in intensity of the shoulder 
wavelength peak at 729 nm, supporting the fact that the longer wavelength peak is 
associated with aggregation. Upon film formation, the spectrum is similar to that of 
the room temperature solution, although there is a broadening of the absorption and 
a slight hypsochromic shift of the λmax to 793 nm. These results suggest that the 
polymer aggregation is not notably impeded by the incorporation of the three-
dimensional carborane cage, supporting effects observed in the case of pBZ-DPP. 
From the absorption onset in the solid state, the optical band gap was calculated to 
be 1.40 eV. The ionisation potential of thin films of pBZTT-DPP, measured by PESA 
was 5.4 eV (±0.05 eV), this value is slightly lower than the HOMO energy of a DPP 
bithiophene copolymer measured by the same technique,45 suggesting that BZTT 
possesses some electron withdrawing character compared to bithiophene. 
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Figure 2.21: UV-Vis absorption spectrum of pBZTT-DPP in dilute chlorobenzene  
solution from 20 °C to 80 °C and in thin film. 
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The DFT-derived band gap was in agreement with that determined optically, with 
HOMO and LUMO energies of -4.99 eV and -3.58 eV, respectively. These were 
calculated using the B3LYP/6-31G* basis set in both normal and time-dependent 
modes. Visualisation of the HOMO and LUMO energy levels showed delocalisation 
along the polymer backbone but not onto the carborane cage – a result comparable 
to that seen for the benzocarborane analogue (Figure 2.22). This further supports the 
theory of minimal electronic communication across the benzenoid-cage boundary as 
seen in all polymers in this chapter. 
 
Table 2.4: Optical properties and energy levels of pBZTT-DPP. [a] Measured in dilute 
chlorobenzene solution. [b] Spin-coated from 5 mg/mL chlorobenzene solution. [c] Measured 
as a thin film by PESA (error ±0.05 eV).[d] Determined from PESA calculated HOMO – optical 
band gap. 
Polymer λmax Sol.
a λmax Film.
b HOMOc LUMOd 
pBZTT-DPP 793 nm 791 nm -5.4 eV -4.0 eV 
 
The planarising effect of BZTT is more pronounced in pBZTT-DPP than in pBZTT-
CDT, enabling full planarity along the backbone. As with the CDT copolymer, an 
“anti” configuration can be seen between adjacent thiophene rings in pBZTT-DPP. In 
this case, however, the backbone is able to exhibit less backbone curvature, 
adopting a more linear configuration. The differences in backbone curvature between 
CDT and thiophene-flanked DPP can be explained by their different symmetries, 
which are axisymmetric and centrosymmetric respectively. 
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 Figure 2.22: Minimum energy conformation of pBZTT-DPP trimer, face-on (from 
top) and side-on (second from top). Visualised frontier molecular orbitals of pBZTT-DPP 
trimer: LUMO (second from bottom) and HOMO (bottom). 
 
2.10.2 Physical Properties 
 
pBZTT-DPP showed excellent thermal stability, with thermal gravimetric analysis 
showing that 5% mass loss took place at 400 °C (Figure 2.23). As with pBZTT-CDT, 
the carborane cages, which are known to be thermally stable above 800 °C, were 
anticipated to make up the bulk of the ceramic yield.17 As with the other polymers 
discussed in this work, the aromatic units are the weak link in the thermal stability of 
the material. 
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Figure 2.23: TGA thermogram of pBZTT-DPP recorded under nitrogen with a heating rate of 
10 °C/minute (left) and X-Ray diffraction spectra of pBZTT-DPP as cast and post-annealing 
(150 °C for 1 hour) (right). 
 
Wide angle XRD on drop cast films showed out-of-plane reflections corresponding to 
lamellar (d100) packing, the intensity of this signal increased upon thermal annealing, 
indicative of improved ordering in the solid state. As with pBZ-DPP, this implies that 
the presence of the bulky carborane cage does not impede long range molecular 
order in the solid state. The observed lamellar spacing decreased from 22.1 Å to  
20.1 Å following annealing, implying that the solid-state ordering could be improved 
by thermal treatment (Figure 2.23). There is also a broad diffraction peak at 24.4° in 
both as-cast and annealed films, which may relate to π – π spacing of the polymer 
backbone. These signals correspond to a spacing of 3.6 Å, well within the range 
typical for conjugated polymers and similar to the distances reported by Li and co-
workers for a copolymer of DPP and thieno[3,2-b]thiophene.46 This spacing suggests 
that, as seen in other DPP polymers in this chapter, the presence of the carborane 
unit does not notably impede intermolecular packing. Despite this evidence of 
crystallinity, no obvious thermal transitions were seen by DSC between 0 °C and 
250 °C. The melting point of the polymer may be at a higher temperature than this; 
however equipment limitations meant that this could not be investigated. 
 
2.10.3 OFET Performance 
 
The charge-transport properties of pBZTT-DPP were investigated in both BGBC and 
TGBC OFET devices, with the latter architecture offering the best performance. 
Encouragingly, ambipolar behaviour was observed, with hole and electron mobilities 
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recorded as 1 x 10-3 cm2 V-1 s-1 and 1 x 10-4 cm2 V-1 s-1 respectively (Figure 2.24). The 
observation of ambipolar behaviour for this polymer is attributed to the low band gap, 
facilitating injection of both holes and electrons from the common source/drain 
electrode, and has been observed in several other DPP polymers.37 This value is an 
improvement over the BZ analogue and can be attributed, in part, to the improved 
planarity of the polymer backbone which is believed to facilitate interchain charge 
transport. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.24: Transfer (top) and output (bottom) curves for a pBZTT-DPP TGBC OFET 
 
2.11 Conclusions 
 
Two novel copolymers based on benzocarborano[2,1-b:3,4-b’]dithiophene were 
synthesised in high molecular weights. As with other benzocarborane based 
monomers, no electronic communication beyond the inductive was noted between 
the carborane cage and the polymer backbone. The carborane cage did, however, 
act as a planarising agent and offer a slight electron withdrawing effect. In the case of 
DPP copolymers, it was observed that both lamellar and π – π ordering could take 
place, suggesting that the bulky, three-dimensional nature of carborane did not 
overpower the aggregating properties of DPP. Charge transporting properties were 
investigated for both CDT and DPP copolymers, with an observed hole mobility of      
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5 x 10-7 cm2 V-1 s-1 for pBZTT-CDT. pBZTT-DPP showed Ambipolar behaviour, with 
hole and electron mobilities of 1 x 10-3 cm2 V-1 s-1  and 1 x 10-4 cm2 V-1 s-1respectively. 
 
This chapter details the first instance of a working OFET device with a 
benzocarborane containing polymer as the active layer. In the first instance, device 
performance was not suitable for commercial OFET performance however the 
materials did possess some promising traits. A second generation monomer was 
synthesised, incorporated into conjugated polymers which were then analysed. An 
improvement in performance was observed for the better performing DPP 
copolymers, suggesting that device performance could be optimised further by 
subsequent research into benzocarborane containing conjugated polymers. 
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2.12 Experimental 
 
All carboranes were purchased from Katchem and sublimed before use. All other 
reagents were purchased from Sigma-Aldrich, VWR, Alfa Aesar or Apollo Scientific 
and were used without further purification. Dry solvents for anhydrous reactions were 
purchased from Sigma Aldrich. All reactions were carried out under an inert argon 
atmosphere unless otherwise stated. 1H NMR and 13C NMR spectra were recorded 
on a BRUKER 400 spectrometer in CDCl3 solution at 298 K unless otherwise stated. 
Proton NMRs were recorded after boron decoupling. Number-average (Mn) and 
weight-average (Mw) molecular weights were determined with an Agilent 
Technologies 1200 series GPC in chlorobenzene at 80 °C using two PL mixed B 
columns in series, and calibrated against narrow polydispersity polystyrene 
standards. UV-vis absorption spectra were recorded on a UV-1601 Shimadzu UV-vis 
spectrometer. Column chromatography was carried out on silica gel (VWR) or using 
a Biotage Isolera system. Microwave reactions were performed in a Biotage initiator 
v.2.3. Photo Electron Spectroscopy in Air (PESA) measurements were recorded 
using a Riken Keiki AC-2 PESA spectrometer with a power setting of 5 nW and a 
power number of 0.5. Differential scanning calorimetry (DSC) measurements were 
made using a TA instruments DSC TZero Q20 instrument and analysed using TA 
universal analysis software. Thermal gravimetric analysis measurements were 
recorded using a Perkin Elmer Pyris 1 TGA. X-Ray Diffraction (XRD) measurements 
were carried out using a Panalytical X’pert-pro MRD diffractometer fitted with a 
nickel-filtered Cu K α 1 beam and an X’celerator detector using a current of 40 mA 
and an accelerating voltage of 40 kV. 
 
Transistor Fabrication details  
 
Top gate devices: All film preparation steps were carried out under inert 
atmosphere. 2 x 2cm glass slides were cleaned in a DECON90 deionized (DI)-Water 
solution in an ultrasonic bath twice for 10 min and then rinsed with DI-Water. To help 
with the adhesion of the gold on the glass substrate, 5 nm of aluminium was 
evaporated prior to the evaporation of 25 nm of Gold. Polymeric chlorobenzene 
solution and substrates were heated to 80 °C followed by spin coating for 10 s at 500 
rpm followed by 30-60 s at 2000 rpm. The films were then dried at 100 °C for 5 min. 
A perfluorinated polymer (commercial name CYTOP from Asahi Glass) was used as 
gate dielectric and applied via spin coating for 60 s at 2000 rpm and cured at 100 °C 
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for 90 min. 50 nm aluminium was evaporated on top of the dielectric as a gate 
electrode.  
 
Bottom gate devices: Bottom-gate, bottom-contact organic field-effect transistors 
were fabricated on a highly-doped silicon substrate, which acted as a common gate 
electrode. A thermally grown 200 nm layer of silicon dioxide was then used as the 
gate dielectric. Gold source and drain electrodes were patterned using standard 
photolithography. Substrates were cleaned in an ultrasonic bath (acetone 10 min and 
isopropanol 10 min). The SiO2 layer was treated with the primer 
hexamethyldisilazane (HMDS) to passivate the surface. The devices were spun from 
same solution concentrations and processing parameters as described for top gate 
devices 
 
2.12.1 1,4-Dihydrobenzocarborane 
 
Following the synthesis described by Matteson et al.,4 to a solution of freshly 
sublimed ortho-carborane (9.99 g, 70 mmol) in anhydrous diethyl ether (300 mL) was 
added n-BuLi (62.5 mL, 2.5 M in hexanes, 156 mmol), dropwise. The resulting 
solution was stirred at room temperature for 2 hours before heating to reflux. To this 
was added cis-1,4-dichloro-2-butene (7.35 mL, 70 mmol) over the course of 1 hour. 
Reflux was maintained for a further 16 hours. After cooling to room temperature, the 
reaction was quenched by the addition of methanol (100 mL), washed with water, 
brine and dried over magnesium sulphate. Purification by column chromatography 
(eluent: hexane) afforded the desired product (10.9 g, 56 mmol, 79%) as colourless 
crystals. 1H {11B} NMR (400 MHz, CDCl3): δ 5.66 (t, 2H), 3.00 (d, 4H), 2.40-1.79 (m, 
10H); 13C {1H } NMR (100 MHz, CDCl3) δ 119.0, 69.9, 33.1. Melting Point 104-107 °C 
(lit 100-110°C).4  
 
2.12.2 Bromodihydrobenzocarborane 
 
1,4-Dihydrobenzocarborane (10.8 g, 56 mmol) and N-bromosuccinimide (10.4 g, 58 
mmol) were dissolved in carbon tetrachloride (200 mL) and heated to 80 ˚C. To this 
rapidly stirring mixture was added benzoyl peroxide (900 mg, 5.6 mmol) in two equal 
portions, at 0 h and 3 h from the commencement of heating. The mixture was 
refluxed overnight before being allowed to cool to room temperature, filtered and 
extracted with water. The remaining organic layer was washed with brine, dried over 
magnesium sulphate, filtered and concentrated under reduced pressure. Purification 
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by column chromatography (eluent: hexane) yielded the product as a mixture of two 
isomers (2-bromo-1,2-dihydrobenzocarborane (1) and 1-bromo-1,4-
dihydrobenzocarborane (2)) as an off-white solid (9.6 g, 35 mmol, 62%,  ratio of 1:2 ~ 
5:2). 1H NMR (400 MHz, CDCl3): 1: δ 6.09 (dd, 1H), 5.99 (dd, 1H), 5.66 (t, 1H), 4.70 
(d, 2H), 3.20-1.80 (m, 10H). 2: δ 6.33 (m, 1H), 5.75-5.65 (m, 2H), 5.19 (m, 2H), 3.20-
1.80 (m, 10H). 
 
2.12.3 Benzocarborane 
 
The mixture of isomers of bromodihydrobenzocarborane (9.5 g, 35 mmol) was 
dissolved in anhydrous DMF (200 mL) and the resulting solution was heated to 150 
˚C for 20 minutes.  After cooling to room temperature, the solution was diluted with 
water and extracted with n-pentane. The organic fractions were combined and 
washed with water and brine before being dried over magnesium sulphate. After 
filtration and concentration under reduced pressure the residue was purified by 
column chromatography (eluent: hexane) followed by recrystallisation from ethanol to 
afford the desired product as a colourless solid (3.5 g, 18 mmol, 51%). 1H NMR (400 
MHz, CDCl3): δ 6.50 (dd, 2H), 6.32 (dd, 2H), 3.02-1.68 (m, 10H); 
13C {1H } NMR (100 
MHz, CDCl3): δ 129.2, 122.9, 119.9. Melting point 114-118°C (lit: 121-123°C).
4 
 
2.12.4 1,4-dibromobenzocarborane 
 
Benzocarborane (194 mg, 1 mmol) and anhydrous N,N,N’,N’-tetramethylethane-1,2-
diamine (340 mg, 3.1 mmol) were dissolved in anhydrous THF (8 mL) and cooled to -
78 °C. To this solution was added n-BuLi (1.6 M in hexanes, 1.4 mL, 2.2 mmol) 
slowly before the mixture was allowed to warm to room temperature and stirred for 
30 minutes. Following re-cooling to -78 °C, a solution of dibromotetrachloroethane 
(814 mg, 2.5 mmol) in anhydrous THF (2 mL) was added before the solution was 
allowed to warm to room temperature overnight. The reaction mixture was diluted 
with water and extracted with diethyl ether. The organic layers were combined, 
washed with brine and dried over anhydrous magnesium sulphate before being 
concentrated under reduced pressure. Column chromatography (eluent: hexane) 
afforded the desired product as a white solid (194 mg, 55%). 1H {11B} NMR (400 
MHz, CDCl3): δ 5.67 (s, 2H), 2.68-1.60 (m, 10H).
 13C {1H } NMR (100 MHz, CDCl3): δ 
141.6, 120.1, 107.2. MS (GC-MS): m/z = 352 (M+) 
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2.12.5 Bis-1,4-(pinacol)-boronic acid-benzocarborane 
 
Benzocarborane (1g, 5.2 mmol) and anhydrous N,N,N′,N′-tetramethylethane-1,2-
diamine (1.7 g, 14.6 mmol) were dissolved in anhydrous THF (30 mL) and cooled to -
78˚C. To this solution was added n-BuLi (1.6 M in hexanes, 7.1 mL, 11.3 mmol) 
slowly before the mixture was allowed to warm to room temperature and stirred for 
30 minutes. Following re-cooling to -78˚C, isopropoxyboronic acid pinacol ester (2.7 
mL, 15.9 mmol) was added and the solution was allowed to warm to room 
temperature overnight. The reaction mixture was diluted with water and extracted 
with diethyl ether. The organic layers were combined, washed with brine and dried 
over anhydrous magnesium sulphate before being concentrated under reduced 
pressure. Column chromatography (eluent: hexane) afforded the desired product as 
a flaky white solid (1.7 g, 71%). 1H {11B} NMR (400 MHz, CDCl3): δ 6.90 (s, 2H), 
2.66-1.68 (m, 10H), 1.31 (s, 24H) 13C {1H } NMR (100 MHz, CDCl3): δ 24.8, 84.8, 
133.4. 11B {1H} NMR (400 MHz, CDCl3): δ 29.16, -6.58, -9.30, -12.53. Melting point 
233-235 °C. MS (EI): m/z = 448.49 (M+)  
 
2.12.6 Bis(1,4-tributylstannyl)-benzocarborane 
 
Benzocarborane (1 g, 5.2 mmol) and anhydrous N,N,N′,N′-tetramethylethane-1,2-
diamine (1.7 g, 14.6 mmol) were dissolved in anhydrous THF (50 mL) and cooled to -
78˚C. To this solution was added n-BuLi (1.6 M in hexanes, 7.1 mL, 11.3 mmol) 
slowly before the mixture was allowed to warm to room temperature and stirred for 
30 minutes. Following re-cooling to -78˚C, tributyltin chloride (3.6 g, 11.1mmol) was 
added and the solution was allowed to warm to room temperature overnight. The 
reaction mixture was diluted with water and extracted with diethyl ether. The organic 
layers were combined, washed with brine and dried over anhydrous sodium sulphate 
before being concentrated under reduced pressure. Column chromatography (eluent: 
hexane) afforded the desired product as colourless, viscous oil (1.83 g, 2.4 mmol, 
46%). 1H NMR (400 MHz, CDCl3): δ 6.26 (s, 2H), 3.00-1.60 (m, 10H), 1.49 (m, 12H), 
1.33 (m, 12 H), 1.07 (m, 12H), 0.90 (t, 18H). 13C {1H } NMR (100 MHz, CDCl3): δ 
128.8, 122.1, 119.5, 28.8, 27.3, 13.7, 11.9. 11B {1H} NMR (400 MHz, CDCl3): δ 29.55, 
-6.89, -9.41, -12.55. MS (EI): m/z = 772.45 (M+) 
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2.12.7 Poly[(4,4-bis(dodecyl)-4H-cyclopenta- [2,1-b:3,4-b’]-dithiophene-2,6-diyl-
alt--(benzocarborane)-1,4-diyl] (pBZ-CDT) 
 
Bis(1,4-tributylstannyl)-benzocarborane (121.2 mg, 0.16 mmol), 2,6-dibromo-4,4’-
bis(2-dodecyl)-4H-cyclopenta[1,2-b:5,4-b]dithiophene (105.2 mg, 0.16 mmol), tris 
(dibenzylideneacetone)dipalladium(0) (2.9 mg, 0.003 mmol) and tri-o-tolylphosphine 
(3.8 mg, 0.012 mmol) were added to a dry microwave vial which was flushed 
thoroughly with argon. Anhydrous, degassed toluene (2 mL) was added and the 
resulting mixture was degassed for 45 minutes. The vial was sealed and the reaction 
mixture was heated at 140 ˚C for 3 days. After cooling to room temperature the 
reaction mixture was poured into vigorously stirring methanol and the resulting 
precipitate was filtered. The precipitate was purified by Soxhlet extraction first in 
methanol (24h), acetone (24h), n-hexane (24h) and finally chloroform (24h). The 
chloroform extract was stirred at 50 °C in the presence of an aqueous sodium 
diethyldithiocarbamate trihydrate for two hours. After cooling to room temperature the 
organic layer was separated and washed with water, dried and concentrated under 
reduced pressure. Final purification was by preparative size exclusion 
chromatography. The desired polymer was afforded following concentration under 
reduced pressure and precipitation in methanol (71 mg, 70%) as a dark purple solid. 
GPC (Chlorobenzene): Mn =14 KDa, Mw = 17 kDa, PDI = 1.2. 
1H {11B} NMR (400 
MHz, CDCl3): δ 7.34 (br, 2H), 6.98 (br, 2H), 3.20 – 0.85 (m,br, 60H) 
 
2.12.8 Poly[[2,5-bis(2-octyldodecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo-[3,4-
c]pyrrole-1,4-diyl]-alt-[[2,2’-(2,5-thiophene)bis-benzocarborane-1,4-diyl]]) (pBZ-
DPP) 
 
Bis(1,4-tributylstannyl)-benzocarborane (108.6 mg, 0.14 mmol), 3,6-bis(2-
bromothien-5-yl)2,5-bis(2-octyldodecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (153.2 
mg, 0.14 mmol), tris(dibenzylideneacetone)dipalladium(0) (2.54 mg, 0.0028 mmol) 
and tri-o-tolylphosphine (3.5 mg, 0.011 mmol) were added to a dry microwave vial 
which was flushed thoroughly with argon. Anhydrous, degassed toluene (2 mL) was 
added and the resulting mixture was degassed for 45 minutes. The vial was sealed 
and the reaction mixture was heated at 140 ˚C for 3 days. After cooling to room 
temperature the reaction mixture was poured into vigorously stirring methanol and 
the resulting precipitate was filtered. The precipitate was purified by Soxhlet 
extraction first in methanol (24h), acetone (24h), n-hexane (24h) and finally 
chloroform (24h). The chloroform extract was stirred at 50 °C in the presence of an 
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aqueous sodium diethyldithiocarbamate trihydrate for two hours. After cooling to 
room temperature the organic layer was separated and washed with water, dried and 
concentrated under reduced pressure. Final purification was by preparative size 
exclusion chromatography. The desired polymer was afforded following 
concentration under reduced pressure and precipitation in methanol (66 mg, 42%) as 
a dark blue solid. GPC (Chlorobenzene): Mn =12 kDa, Mw = 22 kDa, PDI = 1.8. 
1H 
{11B} NMR (400 MHz, CDCl3): δ 8.93 (br, 2H), 7.60 (br, 2H),  7.40 (br, 2H) 4.03 – 0.83 
(m,br, 50H) 
 
2.12.9 Poly[(4,4-bis(dodecyl)-4H-cyclopenta-[2,1-b:3,4-b’]-dithiophene-2,6-diyl- 
alt-benzene-1,4-diyl (pB-CDT) 
 
A glass vial was charged with 1,4-benzenediboronic acid bis (pinacol) ester (82.5 mg, 
0.25 mmol ), 2,6-dibromo-4,4’-bis(2-dodecyl)-4H-cyclopenta[1,2-b:5,4-b]dithiophene 
(167.6 mg, 0.25 mmol), Pd2(dba)3 (4.4 mg, 4.8 x 10
-3 mmol), (o-tol)3P (5.8 mg, 0.02 
mmol), Aliquat 336 (1 drop) and toluene (5 mL). This mixture was degassed with 
argon for 30 mins, followed by the addition of degassed Na2CO3 solution (1.0 M, 1.0 
mL). The resultant mixture was degassed for a further 10 minutes then sealed and 
heated to 120 °C for 48 h. Following cooling to room temperature, the resultant 
mixture was precipitated from methanol and collected by filtration. The polymer was 
further purified by Soxhlet extraction first in methanol (24h), acetone (24h), n-hexane 
(24h) and chloroform (24h). The chloroform extract was stirred at 50 °C in the 
presence of an aqueous sodium diethyldicarbamate trihydrate for 2 h. After cooling to 
room temperature the organic layer was separated and washed with water, dried and 
concentrated under reduced pressure. Final purification was by preparative size 
exclusion chromatography. The desired polymer was afforded following 
concentration under reduced pressure and precipitation in methanol (116 mg, 79%) 
as a dark red solid. GPC (chlorobenzene): Mn 12 kDa, Mw 19 kDa, PDI 1.6. 1H NMR 
(400 MHz, CDCl3) δ 7.62 (b, 4H), 7.23 (b, 2H), 1.89 (b, 4H) 1.24 (b, 40 H), 0.87 (b, 
6H). 
 
2.12.10 2-Bromo-3-iodothiophene 
 
2-Iodothiophene (30 g, 143 mmol) was dissolved in glacial acetic acid (300 mL) 
before N-bromosuccinimide (26.7 g, 150 mmol) was added portion-wise with rapid 
stirring. The resultant mixture was heated to 120 ˚C for two hours in the absence of 
light before being allowed to cool to room temperature and poured into cold water 
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(250 mL). The resultant mixture was extracted with diethyl ether and the organic 
layers were combined, washed with saturated sodium sulphite solution, water and 
brine before being dried over magnesium sulphate, filtered and concentrated under 
reduced pressure. Purification by column chromatography (eluent: hexane) afforded 
the desired product as a colourless oil (31.1 g, 108 mmol, 76%).1H NMR (400 MHz, 
CDCl3): δ 7.23 (d, J = 5.7 Hz, 1H), 6.96 (d, J = 5.8 Hz, 1H). 
13C {1H } NMR (100 MHz, 
CDCl3): δ 137.4, 135.6, 129.0, 117.1. MS (EI): m/z 287.8 (M
+) 
 
2.12.11 2,2’-Dibromo-3,3’-dithienylacetylene 
 
Bis(triphenylphosphine)palladium(II) dichloride (772 mg, 1.1 mmol), copper (I) iodide 
(362 mg, 1.9 mmol) and 2-bromo-3-iodothiophene (5.4 g, 18.8 mmol) were added to 
a dry flask, which was purged thoroughly with argon. Anhydrous toluene (100 mL) 
was added, followed by 1,8-diazobicyclo[5.4.0]undec-7-ene (17.2 g, 112.8 mmol). 
The flask was purged with argon before ethynyltrimethylsilane (920 mg, 9.4 mmol) 
was added, immediately followed by deionised water (0.125 mL, 0.7 mmol). The 
reaction mixture was shielded from light and heated to 120˚C for 24 hours before 
being allowed to cool to room temperature. The solvent was decanted from the solid 
residue and poured into water before being extracted with diethyl ether. The organic 
layers were combined, washed with 10% HCl, water and brine and dried over 
magnesium sulphate before filtration and concentration under reduced pressure. 
Column chromatography (eluent: hexane) and subsequent recrystallisation from 
hexane afforded the desired product as a white solid (960 mg, 2.8 mmol, 30 %). 1H 
NMR (400 MHz, CDCl3): δ 7.23 (d, J = 5.6 Hz, 2H), 7.04 (d, J = 5.8 Hz, 2H).
 13C {1H } 
NMR (100 MHz, CDCl3): δ 129.9, 125.9, 124.4, 117.4, 86.8. MS (EI): m/z 348.1 (M
+). 
Melting point 57-58 °C (lit = 58-59 °C).47 
 
2.12.12 2,2’-Dibromo-3,3’-dithienyl-1,2-closodicarbadodecaborane 
 
2,2’-Dibromo-3,3’-diethienylacetylene (800 mg, 2.3 mmol) and decaborane (427 mg, 
3.5 mmol, freshly sublimed before use) were dissolved in anhydrous toluene (40 mL). 
To this rapidly stirring mixture was added anhydrous N,N’-dimethylaniline (497 mg, 
4.1 mmol) before heating at 120˚C for 24 hours in the absence of light. After cooling 
to room temperature, the solution was decanted from the solid residue and poured 
into water before being extracted with diethyl ether. The organic fractions were 
combined, washed with brine and dried over magnesium sulphate. Column 
chromatography (eluent: hexane) yielded the desired product as a white solid (675 
 82 
 
mg, 1.5 mmol, 63% yield). 1H NMR (400 MHz, CDCl3): δ 7.03 (d, J = 6.0 Hz, 2H, Ar-
H), 6.91 (d, J = 6.0 Hz, 2H) 3.80-2.25 (m, 10H). 13C {1H } NMR (100 MHz, CDCl3): δ 
131.3, 127.8, 126.0, 116.6, 81.0. MS (EI): m/z 466.0 (M+). Melting point = 252-
254 °C. 
 
2.12.13 Benzocarborano[2,1-b:3,4-b’]dithiophene 
 
Following the method of Morisaki and co-workers,40 2,2’-dibromo-3,3’-dithienyl-1,2-
closodicarbadodecaborane (670 mg, 1.4 mmol) was dissolved in anhydrous THF (15 
mL) and cooled to -78 ˚C before n-BuLi (1.6 M in hexanes, 2.0 mL, 3.2 mmol) was 
added dropwise. The solution was stirred at -78 ˚C for 40 minutes before a 
suspension of zinc (II) bromide (650 mg, 2.9 mmol) in anhydrous THF (5 mL) was 
added over 15 minutes. The solution was stirred at -78˚C for one hour, after which a 
suspension of copper (II) chloride (194 mg, 1.4 mmol) in anhydrous THF (5 mL) was 
added in one portion. The reaction was stirred at -78˚C for a further three hours 
before being allowed to warm to room temperature overnight. The reaction was 
quenched with the addition of aqueous ammonia (20 mL) and extracted with 
chloroform. The organic layers were combined, washed with aqueous ammonia, 
water and brine before being dried over magnesium sulphate. Following purification 
by column chromatography (eluent: hexane) the desired product was obtained as a 
white solid (176 mg, 0.6 mmol, 40%). 1H NMR (400 MHz, CDCl3): δ 7.28 (d, J = 5.1 
Hz, 2H), 7.22 (d, J = 5.1 Hz, 2H). 13C {1H } NMR (100 MHz, CDCl3): δ 131.7, 129.0, 
126.6, 124.5, 73.7. MS (EI): m/z 306.1 (M+). Melting point = 258-261 °C 
 
2.12.14 5,5’Bis(trimethylstannyl)benzocarborano[2,1-b:3,4-b’]dithiophene 
 
Benzocarborano[2,1-b:3,4-b’]dithiophene (65 mg, 0.21 mmol) was dissolved in 
anhydrous THF (10 mL) and cooled to -78˚C before n-BuLi (2.5 M in hexanes, 0.35 
mL, 0.84 mmol) was added dropwise. The solution was stirred at -78˚C for 2 hours 
before trimethylstannyl chloride (1.0 M in hexanes, 1.25 mL, 1.25 mmol) was added. 
The solution was allowed to warm to room temperature overnight before being 
poured into water and extracted with diethyl ether. The organic layers were 
combined, washed with water and brine and dried over anhydrous sodium sulphate. 
Purification by recycling preparative gel permeation chromatography yielded the 
desired product as a white solid (101 mg, 16 mmol, 76%). 1H NMR (400 MHz, 
(CD3)2CO): δ 7.47 (s, 2H), 3.2-1.65 (m, 10H), 0.47 (s, 18H). 
13C {1H } NMR (100 MHz, 
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(CD3)2CO): δ 90.1, 88.2, 88.0, 33.6. 
11B {1H} NMR (400 MHz, (CD3)2CO): δ 28.86, -
5.46, - 9.20, - 12.77. MS (EI): m/z 636.124 (M+). 
 
2.12.15 pBZTT-CDT 
 
5,5’-Bis(trimethylstannyl)benzocarborano[2,1-b:3,4-b’]dithiophene (78.5 mg, 0.12 
mmol), 2,6-dibromo-4,4’-bis(2-dodecyl)-4H-cyclopenta[1,2-b:5,4-b]dithiophene (82.5 
mg, 0.12 mmol), tris (dibenzylideneacetone)dipalladium(0) (2.3 mg, 0.002 mmol) and 
tri-o-tolylphosphine (2.4 mg, 0.008 mmol) were added to a dry microwave vial which 
was flushed thoroughly with argon.  Anhydrous, degassed chlorobenzene (2 mL) was 
added and the resulting mixture was degassed for 45 minutes. The vial was sealed 
and the reaction mixture was heated in a microwave in successive intervals of 5 
minutes at 100 ˚C, 5 minutes at 140 ˚C, 5 minutes at 170 ˚C and finally 30 minutes at 
200 ˚C. After cooling to room temperature the reaction mixture was poured into 
vigorously stirring acidified methanol and the resulting precipitate was filtered. The 
precipitate was purified by successive Soxhlet extraction with methanol (24h), 
acetone (24h), n-hexane (24h) and finally chloroform (24h). The chloroform extract 
was stirred at 50 °C in the presence of aqueous sodium diethyldithiocarbamate 
trihydrate for two hours.48 After cooling to room temperature the organic layer was 
separated and washed with water, dried and concentrated under reduced pressure.  
Final purification was by preparative size exclusion chromatography.49 Following 
concentration under reduced pressure, the desired polymer was afforded as a dark 
purple solid (67 mg, 61%). GPC (Chlorobenzene): Mn = 41 kDa, Mw = 78 kDa, PDI = 
1.9. 1H NMR (400 MHz, (CDCl3): δ 7.1 (br, 1H), 7.0 (br, 1H), 2.8-2.1 (m, 10H), 1.2-0.6 
(m, 54H) 
 
2.12.16 pBZTT-DPP 
5,5’Bis(trimethylstannyl)benzocarborano[2,1-b:3,4-b’]dithiophene (85.3 mg, 0.134 
mmol), 3,6-bis(2-bromothien-5-yl)2,5-bis(2-octyldodecyl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (146.0 mg, 0.134 mmol) and tris 
(dibenzylideneacetone)dipalladium(0) (2.5 mg, 0.003 mmol) and tri-o-tolylphosphine 
(3.6 mg, 0.012 mmol) were added to a dry microwave vial which was flushed 
thoroughly with argon. Anhydrous, degassed chlorobenzene (2 mL) was added and 
the resulting mixture was degassed for 45 minutes. The vial was sealed and the 
reaction mixture was heated in a microwave in successive intervals of 5 minutes at 
100 ˚C, 5 minutes at 140 ˚C, 5 minutes at 170 ˚C and finally 30 minutes at 200 ˚C. 
 84 
 
After cooling to room temperature the reaction mixture was poured into vigorously 
stirring methanol and the resulting precipitate was filtered. The precipitate was 
purified by successive Soxhlet extraction with methanol (24h), acetone (24h), n-
hexane (24h) and finally chloroform (24h). The chloroform extract was stirred at 50°C 
in the presence of an aqueous sodium diethyldithiocarbamate trihydrate for two 
hours.48 After cooling to room temperature the organic layer was separated and 
washed with water, dried and concentrated under pressure.  Final purification was by 
preparative size exclusion chromatography.49 Following concentration under reduced 
pressure, the desired polymer was afforded as a dark green solid (128 mg, 82%). 
GPC (Chlorobenzene): Mn = 63 kDa, Mw = 99 kDa, PDI = 1.6. 
1H NMR (400 MHz, 
(CDCl3): δ 8.8 (br, 2H), 7.7 (br, 2H), 7.1 (br 2H), 2.7-0.5 (m, br, 78H) 
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Chapter Three 
 
Dicarboranyl-benzo[1,2-b:4,5-b’]dithiophene 
Containing Conjugated Polymers for OPV and OFET 
Applications. 
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3.1 Introduction 
 
Benzo[1,2-b:4,5-b’]dithiophene (BDT) consists of a central benzene ring flanked by 
two fused thiophene units and has shown exceptional promise as a component of 
organic semiconductors (Figure 3.1)1. Despite its synthesis being known for some 
time, it was not until 2006 when Pan and co-workers reported a homopolymer that 
exhibited a hole mobility of 1.2 x 10-2 cm2 V-1 s-1 that it began to attract wider attention 
and started to become a common donor unit in DA copolymers (Figure 3.1).2 The 
high performance of BDT containing polymers can be attributed to the large, planar 
nature of the heteroaromatic core and its ability to readily engage in cofacial π – π 
interactions with aromatic units in neighbouring polymer chains.1,3 This propensity for 
order has enabled the development of numerous BDT containing copolymers with 
high charge carrier mobilities and good photovoltaic properties.4–7 Additionally, the 
C2h symmetry of BDT enables its incorporation into conjugated polymers without 
issues of regioirregularity and the associated negative effects on material and 
physical properties.8 
 
 
Figure 3.1: Structures of BDT (left) and homopolymer reported by Pan et al. (right). 
 
The fused nature of BDT affords onto it a rigid planar structure, facilitating π-electron 
delocalisation along the length of a polymer into which it is incorporated.9 This 
extended electron delocalisation is a useful means of reducing HOMO – LUMO band 
gap, a commonly utilised route to realising high performing optoelectronic materials.10 
The facile synthesis of BDT and its ability to be selectively functionalised – owing to 
the comparable reactivities of its thienyl protons and to those of thiophene itself – and 
stability in both Stille and Suzuki polymerisation conditions ensure that BDT is 
promising building block for optoelectronic materials.1 
 
Further work by Pan et al. unearthed some potential reasons for the high 
performance observed in BDT polymers, with a BDT-bithiophene copolymer showing 
interesting characteristics upon comparison to a more traditional polythiophene.11 
The realisation of an OFET with a hole mobility of 0.25 cm2V-1s-1 was encouraging, 
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with the high performance attributed to the well-ordered polymer films that were 
formed during spin coating. Extraordinarily large polymer domains (~ 1 µm in width 
and > 1 µm in length) observed by atomic force microscopy and XRD measurements 
suggested that these consisted of edge-on polymer lamellae. In addition to this, the 
formation of high performance devices did not require a post-deposition annealing 
process. 
 
3.2 Aims 
 
The synthetic flexibility of the 4 and 8 positions of BDT have enabled the 
development of a range of centrosymmetric monomer units with finely tuned 
electronic and material properties.12 By incorporating alkyl, alkoxy, alkylthienyl, 
alkylphenyl and alkylfuryl groups onto these positions a library of polymers have 
been synthesised with properties specifically tailored for precise applications (Figure 
3.2).1,13 Through careful consideration of sidechains it has been possible to optimise 
polymer molecular weights, backbone geometries and solubilities, moreover, by 
varying the substituents beyond the typical alkyl groups it has also been possible to 
modulate optical absorption, energy levels and charge transport properties.12,14,6 
 
As with all conjugated polymers, solubilising side chains are necessary to facilitate 
solution processing.15 Hence, the first generation of BDT copolymers were 
synthesised with alkoxy and alkyl groups attached at the 4 and 8 positions. Whilst 
affording the necessary solubility, switching between different alkyl side chains was 
not a useful method of controlling optical and electronic properties of the polymers, 
therefore deviation from these groups was needed. Upon replacement of the alkyl 
chains with alkoxy solubilising groups, a reduction in the HOMO – LUMO band gap 
was observed.16 The electron-donating nature of the alkoxy substituent facilitated a 
raise in the HOMO energy level, which reduced the band gap of the polymer but did 
so at the expense of its oxidative and thermal stability.17 In addition to hindering 
device lifetime, raising the HOMO level of the polymer towards the LUMO of the 
acceptor saw a reduction in VOC and therefore a less efficient photovoltaic device. 
Thermal stability of the polymer was reduced owing to the thermal lability of the 
alkoxy C-O bonds,18 precluding this polymer series from effective OPV performance. 
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Figure 3.2: Structures of BDT co-monomers with (clockwise from top left) alkyl, alkoxy, 
alkylfuryl, alkylthienyl and alkylphenyl side chains. 
 
By introducing an aromatic spacer between the BDT unit and solubilising alkyl 
groups it was possible to realise a cross-conjugated system, in which two 
perpendicular π-conjugated arms are connected through a central core.14 This two-
dimensional conjugation proved an effective means of increasing electronic 
delocalisation, resulting in a broadened spectral response and more efficient photon 
conversion in OPV devices.8 Through careful selection of aromatic groups, the π 
orbital conjugation, and therefore the optoelectronic properties of the polymer, could 
be carefully controlled to optimise performance in transistor or photovoltaic 
applications.13 Whilst the extension of π conjugation into another plane led to a 
reduction in solubility, this could be effectively counteracted by introducing multiple 
solubilising groups on to the aromatic side chain.19 Both the HOMO and LUMO 
energy levels were reduced upon replacement of an alkoxy substituent with an 
alkylthienyl unit,6 enabling VOC to be increased without an increase in the band gap or 
a loss of stability. In addition to this, the planarity of the backbone was improved, 
reducing Eg by means of an extended effective conjugation length; leading to a red-
shifted absorbance and improved spectral overlap. Intermolecular π – π interactions 
were also improved by the presence of a two-dimensionally conjugated system, 
increasing crystallinity and enhancing charge transporting behaviour. The thermal 
stability was also bettered, facilitating a wider range of processing techniques and 
improved photovoltaic operating lifetimes.6 
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Wang and co-workers subsequently found that, by replacing thienyl side groups with 
their furan analogues it was possible to further reduce the HOMO – LUMO band gap 
and improve charge carrier mobility.20 In addition to this, they observed an 
improvement in solubility and therefore the facile synthesis of higher molecular 
weight polymers. These developments enabled a photovoltaic device with a PCE > 
7% to be reported, with the increase in performance attributed to effective side-chain 
engineering. Dou et al. used a similar approach in the replacement of alkylthienyl 
groups with alkylphenyl units,13 in which the reduced electron donating nature of 
benzene compared to thiophene led to the reduction of the polymer HOMO level.13 
Whilst leading to improved oxidative stability and a beneficial increase in VOC, the 
increased Eg of the alkylphenyl polymers resulted in a reduction in device 
photocurrent and therefore impeded suitability for OPV applications.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Energy minimised structures of thienyl-BDT (left) and phenyl-BDT (right), face-on 
and side-on views shown. Calculated in Gaussian09 with B3LYP/6-31G* basis set. 
 
The comparable through-space size of a carborane cage with a freely rotating phenyl 
ring has led to its use as a replacement for benzyl units in a range of applications;21 
with its rigidity and hydrophobic nature being utilised as a pharmacophore in a range 
of novel bioactive compounds.22–24 Therefore, it would be interesting to observe how 
the incorporation of a carborane unit into the side chain of a BDT monomer would 
affect the properties of the resulting conjugated co-polymers. Despite it being 
commonly reported that the presence of a two-dimensional system was able to 
improve intermolecular π –π stacking, DFT calculations showed that, in the vacuum 
state, the aromatic side chains are non-planar with the polymer backbone (Figure 
3.3). Due to this, it was anticipated that the three-dimensional bulk of the carborane 
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unit would not notably impede intermolecular ordering and hinder charge-transporting 
behaviour. Additionally, it was hoped that the inherent stability of carborane cages 
would lead to improvements in the thermal stability of these new materials. Although 
there are three isomers of carborane – ortho, meta, and para – only the latter was 
selected to be incorporated into the novel monomer unit. Potential complications 
arising from the proximity of solubilising alkyl chains to the monomer core, which 
could lead to impediment of the polymerisation process, and asymmetry which could 
bring about unwanted regioregularity issues resulted in the design of a monomer 
based around para-carborane (Figure 3.4). It was anticipated that, through the 
synthesis of a range of novel polymers, the effects of incorporating an alkyl-p-
carboranyl unit onto the BDT core could be investigated.  
 
 
Figure 3.4: Structures of potential CBBDT co-monomers incorporating (from left to right): 
ortho, meta and para-carborane. Unlabelled vertices represent BH units. Protons omitted for 
clarity. 
 
Initial insight into the expected effects of switching alkylaryl for alkylcarboranyl side 
groups was gained via quantum mechanical calculations performed in Gaussian09 
with a B3LYP/6-31G* basis set. The DFT-derived HOMO and LUMO energy levels of 
the alkylcarboranyl monomer were predicted to be much lower than that of their 
alkylaryl equivalents (Figure 3.5), opening the door to a significant increase in VOC 
upon its incorporation into a DA conjugated polymer. This reduction in HOMO level 
energy is also anticipated to improve the oxidative stability of the resulting CBBDT 
co-polymers, possibly improving device longevity. Visualisation of the frontier 
molecular orbitals suggests why this may be; it can be seen that two-dimensional 
wavefunction delocalisation is significantly reduced upon the incorporation of a 
carborane unit (Figure 3.6). The absence of a significant amount of HOMO 
delocalisation onto the carborane cage implies that it is not acting as an electron 
donating species, with the delocalised LUMO suggesting that the side chain will act 
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as an electron withdrawing unit instead. This difference in behaviour from alkylaryl 
side groups is interesting and merits the study of this novel monomeric species. 
 
 
Figure 3.5: HOMO and LUMO energy levels of alkylthienyl-BDT, alkylphenyl-BDT and 
alkylcarboranyl-BDT. Calculated in Gaussian09 with B3LYP/6-31G* basis set. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: Visualised frontier molecular orbitals of alkylthienyl-BDT, alkylphenyl-BDT and 
alkylcarboranyl-BDT units. Calculated in Gaussian09 with B3LYP/6-31G* basis set. 
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Upon closer inspection of the DFT-derived energy minimised monomer structures, it 
was observed that steric interactions between the carborane cage protons and BDT 
thienyl β-protons lead to an unusual deformation in the aromatic core. Figure 3.7 
shows the slight convex distortion of the fused BDT unit, which is notably different 
from the out-of-plane twisting observed for the thienyl or phenyl side chains, which 
simply twist to avoid steric interactions with BDT β-protons. Due to the spherical 
shape of carborane this twist is not effective, resulting in a deformation of the BDT 
unit to accommodate the strain.  Without literature precedent on monomer curvature 
of this kind it is difficult to predict how ordering of polymer chains may be affected, 
therefore the crystallinity and other material properties of these materials will be of 
great interest. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: Minimised energy conformation of CBBDT. Calculated in Gaussian09 with 
B3LYP/6-31G* basis set. 
 
In order to compare the performance of CBBDT monomer with previously reported 
materials, copolymerisation with three known electron deficient co-monomers was 
investigated, utilising palladium-catalysed cross coupling chemistries (Scheme 3.1). 
Evaluation of the optical, material and physical properties of these donor-acceptor 
materials was investigated and compared to examples known in the literature to help 
to elucidate the effects of incorporating alkylcarboranyl units onto a fused BDT core. 
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Scheme 3.1: General synthesis of CBBDT co-polymers. Unlabelled vertices represent BH 
units. Protons omitted for clarity. 
 
3.3 Monomer Synthesis 
 
Literature conditions were employed for the synthesis of the alkylcarboranyl unit, in 
which the utilisation of lithium iodide as a catalyst enabled the reaction to take place 
readily at low temperature (Scheme 3.2).25 Owing to the lack of specificity of the 
lithiation step, the yield of the desired product was only 48% following vacuum 
distillation, with the remainder comprising dialkylated carborane and unreacted 
starting material in approximately equal measure. Although it is possible to initiate 
mono-lithiation in ortho-carborane through the use of a coordinating solvent, this is 
not possible for para-carborane due to the spatial segregation of the two carbon 
atoms across the cage,26 therefore this yield would be difficult to improve upon 
without the onerous incorporation of a protecting group at the 12-position.  
 
 
Scheme 3.2: Synthesis of 1-(2-ethylhexyl)-para-carborane. Unlabelled vertices represent BH 
units. Protons omitted for clarity. 
 
Different methods are presented in the literature for the reaction between benzo[1,2-
b:4,5-b′]dithiophene-4,8-dione and alkylthiophene or alkylphenyl units.13 For the 
thienyl derivative, nucleophilic attack of thienyl lithium on the carbonyl groups was 
preferred. However, in the case of the benzene analogue this route is not feasible as 
relative instability of the alkylphenyl anion results in its decomposition upon heating, 
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rendering a Grignard reagent essential in this instance. In both cases, reduction of 
the intermediate diol with acidic tin (II) chloride generates the desired product. The 
widely reported stability of carborane units, coupled with significant literature 
precedence of lithiation-based carborane carbon-atom functionalisation resulted in 
the initial investigation of this route (Scheme 3.3).21 
 
Scheme 3.3: Synthesis of 4,8-bis-(12-(2-ethylhexyl)-1-para-carboranyl)-benzo[1,2-b:4,5-
b’]dithiophene (CBBDT) via n-BuLi method, non-reduced intermediate also shown. Unlabelled 
vertices represent BH units. Protons omitted for clarity. 
 
A range of conditions were employed for the synthesis of CBBDT, with the facile 
isolation and identification of the stable intermediate shown in scheme 3.3 providing 
an insight into the most effective conditions. The yield of the intermediate was readily 
assigned by 1H NMR spectroscopy of the crude reaction mixture, identifying alcoholic 
proton resonances at 3.57 and 3.52 ppm. The presence of two resonances implies 
two proton environments, suggesting that alcohol groups are formed on both the 
same side and opposite faces of the molecule, or that the proposed monomer 
curvature renders the two hydrogen atoms in two discrete environments. A common 
trend of improved intermediate yield with increased temperature of the nucleophillic 
addition step was observed, and by changing solvents from THF to higher boiling 
1,2-dimethoxyethane (1,2-DME) it was possible to realise a 65% conversion to the 
intermediate diol and a subsequent 34% yield of the desired product (Table 3.1). This 
yield is comparable to literature reports of arylated BDT derivatives and this is the 
first recorded instance of carborane C-arylation using this method; previously utilised 
coupling procedures typically occur via a copper-mediated coupling of lithio-
carborane and an aryl halide21,27 It is encouraging to report a novel method of 
carborane functionalisation with the potential to enable the synthesis of previously 
unattainable molecules, in both organic electronics and across chemistry as a whole. 
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The final stannylated monomer was afforded upon treatment of CBBDT with t-BuLi 
and subsequent quenching with trimethyltin chloride solution. This reaction 
proceeded readily and, following recrystallisation from acetonitrile, the monomer was 
isolated in 59% yield (Scheme 3.4). 
 
Table 3.1: Reaction conditions used and yields obtained in the synthesis of CBBDT. [a] 
Determined by 
1
H NMR. 
Reaction 
number 
Solvent T (°C) 
Intermediate 
conversiona 
Isolated 
product yield 
1 THF 20 10% 4% 
2 THF 50 19% 9% 
3 1,2-DME 20 12% 5% 
4 1,2-DME 50 25% 12% 
5 1,2-DME 90 65% 34% 
 
 
 
 
 
 
 
 
 
 
Scheme 3.4: Synthesis of distannyl-CBBDT monomer. Unlabelled vertices represent BH 
units. Protons omitted for clarity. 
 
3.4 Copolymerisation with Diketopyrrolopyrrole (DPP) 
 
DPP is a widely used electron deficient comonomer and has gained popularity 
through its facile synthesis and extraordinary aggregating properties, which result in 
its use in ambipolar OFET devices with mobilities as high as 12 cm2 V-1 s-1 and          
3 cm2 V-1 s-1 reported for holes and electrons, respectively.28,29 Additionally, the recent 
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systematic study of alkylthienyl and alkylphenyl-BDT derivatives by Dou and co-
workers utilised DPP as the electron deficient unit in a low band gap DA copolymer,13 
enabling direct comparison of CBBDT with aryl equivalents and the effects of 
incorporating an alkylcarboranyl side chain to be investigated. pCBBDT-DPP was 
synthesised via Stille polymerisation under microwave-assisted conditions (Scheme 
3.5).30 Low molecular weight polymers and oligomers were removed by sequential 
Soxhlet extractions in methanol, acetone, n-hexane, chloroform and chlorobenzene, 
the latter of which was retained. Residual catalytic impurities were removed by 
washing a chlorobenzene polymer solution with aqueous sodium 
diethyldithiocarbamate to reduce both organic and inorganic contaminants to a 
minimum.  
 
Scheme 3.5: Synthesis of pCBBDT-DPP. Unlabelled vertices represent BH units. Protons 
omitted for clarity. 
 
Table 3.2: Molecular weight properties of the three pCBBDT-DPP fractions. Determined by 
GPC and reported as their polystyrene equivalents. 
Fraction Mn (kDa) Mw (kDa) Mp (kDa) PDI 
1 174 275 211 1.6 
2 63 127 91 2.0 
3 28 103 89 3.7 
 
In addition to conventional purification of the polymer, preparative size-exclusion 
chromatography was utilised to separate the crude material into three fractions, 
dependent on their molecular weights (Figure 3.8). The highest weight fraction had a 
Mn of 174 kDa and a narrow PDI of 1.6, whilst the lowest molecular weight fraction 
had a Mn of 28 kDa and a broad PDI of 3.7 (Table 3.2). Fraction two and three had 
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similar maximum molecular weights and were only differentiated by their 
polydispersity, with the third fraction exhibiting a bimodal weight distribution. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: Normalised SEC traces of pCBBDT-DPP polymer fractions 
 
3.4.1 Optical Properties and Energy Levels 
 
The optical properties of pCBBDT-DPP were investigated by UV-Vis absorption 
spectroscopy. In dilute chlorobenzene solution the λmax of pCBBDT-DPP decreased 
slightly as molecular weight increased, ranging from 756 nm to 752 nm for the lower 
and higher molecular weight fractions, respectively (Figure 3.9). These values are all 
significantly red-shifted in relation to previously reported alkylthienyl (710 nm) and 
alkylphenyl (687 nm) derivatives,13 suggesting that alkylcarboranyl group substitution 
is an effective means of lowering the polymeric band-gap, either by increasing π 
orbital delocalisation or by directly influencing the energetics of the HOMO and/or 
LUMO level. All polymers also exhibited two shoulders, one at higher wavelengths 
around 825 nm and another at around 680 nm, with the lower wavelength shoulder 
slightly more pronounced. Literature examples of two-dimensionally conjugated BDT 
polymers often report the observation of a short-wavelength absorption attributed to 
absorbance of the aromatic systems perpendicular to the backbone.31 While, in this 
case there are two absorbances in the 300-500 nm region neither can be attributed 
to the carboranyl side chains, whose absorbance is expected between 200-250 nm 
and therefore would be masked by chlorobenzene in this instance.21 Therefore the 
low wavelength bands in this case are probably related to transitions to higher lying 
LUMO orbitals or from lower lying HOMO orbitals. 
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Figure 3.9: Normalised UV-Vis absorption spectra of pCBBDT-DPP in dilute chlorobenzene 
solution and as a thin film.  
 
The solution and solid state absorbances are remarkably unchanged for all three 
polymers (Figure 3.9), mirroring results reported by Dou et al.13 This is frequently 
attributed to a lack of ordering in the solid state, although in this instance it is 
suspected to be due to the material forming aggregated domains, even at high 
dilution; an effect caused by strong π – π interactions between neighbouring chains 
and very commonly observed for DPP polymers.32 Heating the polymer solution does 
not appreciably change the spectra, suggesting that the polymer is still aggregated in 
chlorobenzene at moderate temperatures (Figure 3.10). The effect of thermal 
treatment in the solid state is more pronounced, with a red shifted and broadened 
absorption following annealing at 160 °C for ten minutes, a result of improved long 
range order. 
 
 
 
 
 
 
 
 
 
Figure 3.10: Temperature dependent solution (left) and annealed film (right) UV-Vis spectra. 
 
From the absorption onset in the solid state the optical band gap of pCBBDT-DPP 
was calculated at 1.34 eV, a value which was unchanged across all three fractions 
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and in the ideal region for photovoltaic applications This value is lower than those 
observed for the alkylthienyl and alkylphenyl derivatives, 1.44 eV and 1.46 eV 
respectively (Table 3.3),13 reflecting the reduced electron-donating ability of para-
carborane compared to thiophene and benzene and showing that incorporation of 
carborane onto the BDT core is an effective means of band-gap reduction.  
 
Table 3.3: Optical properties of pCBBDT-DPP. Alkylthienyl (pTBDT-DPP) and alkylphenyl 
(pPBDT-DPP) alternatives shown for comparison. [a] Spin-coated from 5 mg/mL 
chlorobenzene solution. [b] Determined from absorption onset in solid state. 
Polymer λmax (film)
a
 Eg
b 
(eV) 
pCBBDT-DPP (high mw) 754 1.34 
pCBBDT-DPP (med mw) 755 1.34 
pCBBDT-DPP (low mw) 755 1.34 
pTBDT-DPP
13
  769 1.67 
pPBDT-DPP
13
 753 1.79 
 
DFT calculations were performed using Gaussian09 with the B3LYP/6-31G* basis 
set, predicting the optimised structural geometry of a pCBBDT-DPP trimer in which 
the long, branched alkyl chains were replaced by methyl groups to reduce 
computational demands (Figure 3.11). The distorted BDT unit is responsible for a 
convex curvature of the polymer backbone, perpendicular to the direction of π–
conjugation, and likely to have a significant effect on the overall morphology of the 
system. Despite this unusual convex curvature, no out-of-plane twisting between 
adjacent monomer units was observed, and upon visualisation of the frontier 
molecular orbitals it can be seen that the distorted BDT unit does not impose a 
barrier to electronic delocalisation, enabling the extension of both the HOMO and 
LUMO wavefunctions along the length of the polymer. DFT modelling of the 
monomer units showed some contribution to the both frontier wavefunctions from the 
carborane cage, vide supra, a feature that is lost upon moving to a polymeric 
species. Therefore it can be deduced that any effects that the carborane cages 
impart upon the polymer backbone and inductively generated, results in agreement 
with those generated in chapters two and four. 
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Side-on view Top-down view 
HOMO LUMO 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11: DFT-derived minimised energy conformation of pCBBDT-DPP trimer (top) and 
visualised frontier molecular orbitals (bottom). 
 
 
Figure 3.12: DFT-derived HOMO and LUMO level energies for pTBDT-DPP, pBBDT-DPP 
and pCBBDT-DPP. 
 
The computationally-derived HOMO and LUMO level energies of pCBBDT-DPP 
were -5.22 eV and -3.79 eV, respectively. These values are both within the ideal 
region for OPV and OFET applications and lower in energy than the corresponding 
thienyl (-5.10 eV and -3.56 eV) and phenyl (-5.07 eV and -3.52 eV) copolymers, 
calculated using the same method and roughly agreeing with literature values,13 
representing the relative electron deficiency of para-carborane. DFT calculations 
predicted the band gap of pCBBDT-DPP as 1.43 eV, 0.09 eV greater than when 
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estimated optically and directly comparable to the values for the thienyl and phenyl 
alternatives, calculated as 1.44 eV and 1.45 eV respectively (Figure 3.12). 
 
3.4.2 Physical Properties 
 
DSC analysis of pCBBDT-DPP showed no obvious thermal transitions between 0 °C 
and 300 °C for all molecular weight fractions (Figure 3.13). Although DPP 
copolymers are known for their tendency to aggregate, these results are in 
agreement with other BDT copolymers reported in the literature.7,12 Thermal stability 
of the polymer was confirmed by TGA, in which 5% mass loss was observed at      
433 °C (Figure 3.14), a significantly higher temperature than typically experienced 
during optoelectronic device fabrication and operation. 
 
 
 
 
 
 
 
Figure 3.13: Second heating-cooling cycled of pCBBDT-DPP at 10 °C/min. From left: low 
molecular weight, medium molecular weight, high molecular weight. 
 
 
 
 
 
 
 
 
 
Figure 3.14: TGA thermogram of pCBBDT-DPP. Heated at 10 °C/minute under N2. 
 
XRD analysis of drop cast films showed that the lamellar (d100) organisation of 
pCBBDT-DPP was dependent on molecular weight, with the major reflection of lower 
weight material observed at 4.91° (2θ) with a less intense shoulder at 5.82° (2θ), 
whilst the higher weight fraction displays a broad peak at 5.85° (2θ). These values 
correspond to lamellar packing with an interlayer distance of 18.4 Å and 15.1 Å, with 
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the middle molecular weight fraction showing characteristics of both samples (Figure 
3.15). Additionally, a strong diffraction at 24.04° is observed for all samples, 
corresponding to π-π stacking interactions with an interchain distance of 3.8 Å. 
Literature reports of XRD analysis on the alkylthienyl alternative detailed an absence 
of diffraction resonances,33 offering encouragement that alkylcarboranyl substitution 
may be an effective means of improving solid state organisation and therefore charge 
transport characteristics. 
 
The lamellar diffraction angles of the three fractions converged to 5.01° (2θ) – 
equivalent to 17.4 Å interlayer spacing – upon annealing the films at 160 °C for ten 
minutes. Interestingly, the peak intensity of both lamellar and π – π peaks increased 
significantly for the higher molecular weight polymer, but reduced for the lower weight 
material and barely changed for the medium fraction. These unusual changes in 
diffraction patterns may be related to the backbone bend predicted by DFT 
calculations. 
 
 
Figure 3.15: XRD spectra of pCBBDT-DPP films both as cast and following annealing at 
160°C for ten minutes. Top right figure shows close up of lamellar region in pristine film. 
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3.4.3 OFET Performance 
 
The charge-carrier performance of pCBBDT-DPP was investigated in BGBC OFET 
devices using pentafluorobenzene thiol (PFBT) treated gold electrodes (Figure 3.16). 
The SiO2 dielectric layer was treated with HDMS before use and films were 
deposited by spin coating and annealed prior to analysis. Saturated charge-carrier 
mobilities (µsat) were calculated as 3.4 x 10
-3 cm2 V-1 s-1, 3.2 x 10-3 cm2 V-1 s-1 and     
1.8 x 10-3 cm2 V-1 s-1 for the high, medium and low molecular weight fractions, 
respectively; and all at reasonable threshold voltages (Table 3.4). The increased 
mobility at higher molecular weights may be a result of the increased crystallinity 
observed in XRD analysis and of the ability of longer, higher weight polymer chains 
to connect multiple crystalline domains, thereby creating a more continuous pathway 
throughout the semiconductor layer. It is further noted that the higher polydispersity 
in the low weight sample compared to the medium weight appears to reduce 
performance. These mobilities represent an improvement of an order of magnitude 
over alkylthienyl and alkylphenyl alternatives, reported as 3.1 ±1.0 x 10-4 cm2 V-1 s-1 
and 2.2 ±1.0 x 10-4 cm2 V-1 s-1 respectively,13,34 and an increase of one and two orders 
of magnitude over mobilities reported for comparable alkyl (5.2 x 10-4 cm2 V-1 s-1)35 
and  alkoxy (7.4 x 10-5 cm2 V-1 s-1)36 substituted alternatives, respectively. This 
increase is believed to be a result of the improved molecular ordering observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16: Transfer characteristics of annealed pCBBDT-DPP BGBC OFETs. 
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Table 3.4: BGBC OFET device characteristics of pCBBDT-DPP. 
Polymer 
 (Mw Fraction) 
µsat  
(cm2V-1s-1) 
VT (V) Ion/Ioff 
High 3.4 x 10-3 -11 ~103 
Medium 3.2 x 10-3 -9 ~102 
Low 1.8 x 10-3 -8 ~103 
The charge-transporting properties of high molecular weight pCBBDT-DPP were 
further improved by switching to a TGBC device architecture, in which PFBT treated 
gold electrodes and a CYTOP dielectric layer were employed and the polymer films 
were deposited by spin coating and annealed at 160 °C before analysis (Figure 
3.17). A saturated hole mobility of 2.3 x 10-2 cm2 V-1 s-1 was measured, representing a 
significant increase over that observed in a BGBC OFET. This improvement can be 
explained by the different production techniques used in the preparation of devices 
with different architectures, in which the TGBC source and drain electrodes offer a 
much larger contact area with the semiconductor layer, facilitating the improved 
injection of charge. 
 
 
 
 
 
 
 
 
Figure 3.17: Transfer (left) and output (right) characteristics of high Mw pCBBDT-DPP TGBC 
OFET. Device dimensions: W = 1000 µm, L = 30 µm. 
 
Table 3.4: TGBC OFET device characteristics of high Mw pCBBDT-DPP 
Polymer 
 (Mw Fraction) 
µsat  
(cm2 V- 1s-1) 
VT (V) Ion/Ioff 
High 2.3 x 10-2 -70 ~103 
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3.4.4 Photovoltaic Performance 
 
OPV devices were fabricated using high molecular weight pCBBDT-DPP as the 
active layer, as OFET analysis had shown this material to offer the highest charge-
carrier mobility and therefore most promise for use in OPV applications. Bulk 
heterojunction solar cells with the standard ITO/PEDOT:PSS/Polymer:PCBM/Ca/Al 
architectures were produced, in which the active layer consisted of a 
polymer:fullerene blend (1:1 weight ratio) and was deposited from a 
chloroform:chlorobenzene solvent mixture. Four deposition spin speeds were 
investigated, with the resulting J-V curves shown in figure 3.18 and photovoltaic 
properties summarised in table 3.5. In all instances the VOC was relatively 
unchanged, with values from 0.72 V to 0.74 V observed, a voltage comparable to that 
reported by Dou and co-workers for alkylthienyl (0.73 V) and alkylphenyl (0.76 V) 
equivalents.13 A JSC of 2.14 mA cm
-2 was observed for devices with an active layer 
deposited at a spin speed of 1500 rpm, increasing to 2.88 mA cm-2 following 
increasing deposition speed to 3500 rpm, although these values are significantly less 
than those reported for alkylthienyl (14.0 mA cm-2) and alkylphenyl (13.6 mA cm-2) 
alternatives in equivalent single-layer devices.13 This increase in photocurrent leads 
to an improvement in PCE from 0.81% to 1.21%, as VOC and FF remain mainly 
unchanged. 
 
Table 3.5: Photovoltaic properties of high Mw pCBBDT-DPP in single layer devices made 
from a CHCl3:PhCl solution of polymer:PCBM (1:1 w/w). [a] Highest performing device 
reported, average for six devices shown in parentheses. 
Spin Speed VOC (V) JSC (mA cm
-2) FF PCE (%)a 
1500 rpm 0.72 2.14 0.52 0.81 (0.73) 
2500 rpm 0.73 2.47 0.55 1.00 (0.95) 
3500 rpm 0.74 2.88 0.57 1.21 (1.07) 
4500 rpm 0.73 2.57 0.57 1.07 (0.99) 
 
The photocurrent could be further increased by the addition of 0.5 wt% 1,8-
diidooctane (DIO) to the polymer:PCBM mixture (Figure 3.18). An improvement in 
cell PCE from 1.21 % to 1.45% was observed upon addition of DIO, a result of an 
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increase in JSC from 2.88 mA cm
-2 to 4.25 mA cm-2, although this increase was 
negated slightly by a reduction in FF from 0.57 to 0.47 (Table 3.6). In all cases the 
photovoltaic performance of pCBBDT-DPP is unable to match that of its alkylaryl 
equivalents, with low photocurrents and fill factors the reasons behind the reduced 
PCE values observed. 
 
 
 
 
 
 
 
 
 
 
Figure 3.18: J-V curves of high Mw pCBBDT-DPP OPV devices. Spun from 15 mg mL
-1
 
CF:CB solution at variable spin rates (left) and at 3500 rpm with and without DIO (right). 
 
Table 3.6: Photovoltaic properties of high Mw pCBBDT-DPP in single layer devices made 
from a CHCl3:PhCl solution of polymer:PCBM (1:1 w/w) spun at 3500 rpm. [a] Highest 
performing device reported, average for six devices shown in parentheses. 
 VOC (V) JSC (mA cm
-2) FF PCE (%)a 
Pristine Blend 0.74 2.88 0.57 1.21 (1.07) 
0.5% DIO 0.73 4.25 0.47 1.45 (1.16) 
 
3.5 Conclusions 
 
A novel carborane containing BDT monomer unit was designed, synthesised and 
fully characterised. During synthesis, a novel pathway to carborane C-arylation was 
reported and, through the analysis of a range of reaction conditions, optimised to 
afford product yields comparable to those reported for equivalent arylated monomer 
units. This new donor unit was successfully incorporated into semiconducting 
polymers by palladium catalysed, Stille-coupling reactions with DPP, an electron-
deficient unit known to possess good optoelectronic properties. Additionally, through 
size exclusion chromatography fractionation of the DPP copolymer, the molecular 
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weight dependence of polymer properties could be investigated. Compared to 
alkylthienyl and alkylphenyl alternatives reported in the literature, the novel CBBDT 
monomer unit induced a red-shift in polymeric optical absorbance polymers and 
stabilised both HOMO and LUMO energy levels, factors anticipated to improve 
photovoltaic properties. Additionally, increased crystallinity – both in solution and the 
solid state – ensured that the materials were promising candidates for OFET 
applications. Charge transport characteristics of the polymers were measured in both 
BGBC and TGBC OFET devices, with improvements made on alkylaryl alternatives 
in all cases. This improvement over literature examples was not replicated in OPV 
analysis, with low photocurrents and fill factors leading to devices with notably poorer 
performance than that observed for alkylthienyl and alkylphenyl alternatives. 
 
It is believed that CBBDT is a promising building block for plastic electronics, due to 
both the improvements in absorbance and crystallinity offered over existing 
alternatives. Additionally, the novel synthetic route identified in this work is 
anticipated to find use in future work on carborane containing molecules, in organic 
electronics and across chemistry as a whole. 
 
3.6 Copolymerisation with Dithienylbenzothiadiazole (TTBT) and 
Difluorodithienylbenzodithiazole (TBTTF) 
 
Benzothiadiazole (BT) is a classic electron deficient building block and has been 
incorporated into countless DA materials in the quest for high performing OFET and 
OPV devices, with many instances of BDT-BT copolymers reported throughout the 
literature.37,12 It has recently been shown that by flanking the BT unit with alkylthienyl 
groups polymer solubility can be improved, enabling the synthesis of higher 
molecular weight materials. Additionally, backbone twisting can be reduced, 
facilitating intermolecular organisation and improving charge transport 
characteristics.38–40  
 
 
Figure 3.19: Structures of dithienylbenzothiadiazole (TTBT) (left) and 
difluorodithienylbenzothiadiazole (TTBTF) (right). 
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Dithienylbenzothiadiazole (TTBT) can be further modified by difluorination on the BT 
benzene ring (Figure 3.19), in which the presence of two fluorine atoms leads to 
reduced electron density on the benzene ring and a decrease in both the HOMO and 
LUMO level energies of the polymer.41,42 The small Van der Waals radius of fluorine 
(1.35 Å), which is comparable to that of hydrogen (1.2 Å), is usually suggested to 
minimise any undesired steric repulsions.43 Furthermore, polymer fluorination has 
been shown to promote highly ordered film morphologies and offer improved charge-
transporting performance.41 Further insight into the optical, material and physical 
properties of CBBDT would be gained by copolymerisation with TTBT and TTBTF 
units. 
 
3.6.1 Polymer Synthesis 
 
pCBBDT-TBBT and pCBBDT-TBBTF were synthesised by Stille polymerisations of 
2,6-bis(trimethylstannyl)-4,8-bis-(12-(2-ethylhexyl)-1-para-carboranyl)-benzo[1,2-
b:4,5-b’]dithiophene with 4,7-bis(5-bromo-4-(2-ethylhexyl)-2-thienyl-2,1,3-
benzothiadiazole and 5,6-difluoro-4,7-bis(5-bromo-4-(2-ethylhexyl)-2-thienyl-2,1,3-
benzothiadiazole, respectively using standard microwave Stille coupling conditions 
(Scheme 3.6).30 Precipitation of the crude polymer solutions into acidified methanol 
followed by sequential Soxhlet extractions in methanol, acetone, n-hexane and 
chloroform afforded pCBBDT-TTBT and pCBBDT-TTBTF as dark purple solids in 
58% and 64% yield, respectively. High material purity was ensured by treatment with 
aqueous sodium diethyldithiocarbamate to remove metal salts and subsequent 
preparative size-exclusion chromatography to remove low molecular weight 
impurities. The molecular weights of both polymers were determined by GPC 
analysis in chlorobenzene against polystyrene standards and can be seen in table 
3.7, with their similar masses and PDI enabling direct comparison. 
 
Scheme 3.6: Synthesis of pCBBDT-TTBT and pCBBDT-TTBTF. 
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Table 3.7: Molecular weight properties of pCBBDT-TTBT and pCBBDT-TTBTF. Determined 
by GPC and reported as their polystyrene equivalents. 
Polymer Mn (kDa) Mw (kDa) PDI 
pCBBDT-TTBT 26 49 1.9 
pCBBDT-TTBTF 20 38 1.9 
 
3.6.2 Optical Properties and Energy Levels 
 
 
 
 
 
 
 
 
 
 
Figure 3.20: Normalised UV-Vis absorption spectra of pCBBDT-TTBT (left) and pCBBDT-
TTBTF in dilute chlorobenzene solutions and as thin films.  
 
The optical properties of pCBBDT-TTBT and pCBBDT-TTBTF were measured by 
UV-Vis absorption spectroscopy. In dilute chlorobenzene solution a λmax of 576 nm 
was recorded for pCBBDT-TTBT, with a noticeable shoulder at 639 nm, an 
absorbance 26 nm red-shifted from that of both alkylthienyl and alkylphenyl-BDT 
equivalents reported in the literature (Figure 3.20).37,42 Upon moving to a thin film, the 
λmax of pCBBDT-TTBT red shifted by 50 nm, indicative of improved backbone 
planarity and ordering in the solid state. As with the solution spectra, the thin-film 
absorption maximum of pCBBDT-TTBT was at longer wavelengths than alkylthienyl 
and alkylphenyl equivalents, recorded as 613 nm and 610 nm respectively.37,42 This 
supports the results seen in DPP copolymers described earlier, in which the 
substitution of an alkylaryl unit with an alkylcarboranyl group was an effective means 
of reducing the polymeric HOMO-LUMO band gap and bathochromically shifting the 
absorption spectrum. Upon heating the pCBBDT-TTBT solution to 80 °C, a clear 
colour change was observed (Figure 3.21), typified by a 27 nm blue shift of the 
400 500 600 700 800 900 1000 1100
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
lis
e
d
 A
b
s
o
rb
a
n
c
e
 (
a
.u
.)
Wavelength (nm)
 Solution at 20 
o
C
 Solution at 30 
o
C
 Solution at 40 
o
C
 Solution at 50 
o
C
 Solution at 60 
o
C
 Solution at 70 
o
C
 Solution at 80 
o
C
 Thin Film
 Thin Film - Annealed
400 600 800 1000
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
lis
e
d
 A
b
s
o
rb
a
n
c
e
 (
a
.u
.)
Wavelength (nm)
 Solution at 20 
o
C
 Solution at 30 
o
C
 Solution at 40 
o
C
 Solution at 50 
o
C
 Solution at 60 
o
C
 Solution at 70 
o
C
 Solution at 80 
o
C
 Thin Film
 Thin Film - Annealed
 113 
 
absorption maxima and loss of the shoulder at 639 nm. This shows that the polymer 
is able to form aggregated domains, even in dilute solutions and therefore may 
exhibit the necessary molecular ordering properties for effective OFET performance. 
 
 
 
 
 
 
 
Figure 3.21: Photographs of chlorobenzene solutions of pCBBDT-TTBT (left) and pCBBDT-
TTBTF (right) at (from left to right) 20 °C, 50 °C and 80 °C. 
 
UV-Vis spectroscopy of pCBBDT-TTBTF showed a λmax of 543 nm in dilute 
chlorobenzene solution, with no longer wavelength shoulder apparent (Figure 3.20). 
The absorption maximum was blue shifted by 33 nm compared to pCBBDT-TTBT. 
This behaviour is typical of backbone fluorination, during which the HOMO level of 
the polymer is stabilised to a greater degree than the LUMO, increasing the band gap 
and blue-shifting the absorption spectrum.41,42 Temperature-dependent UV-Vis 
spectroscopy showed a 9 nm blue shift upon increasing solution temperature from  
20 °C to 80 °C, a significantly reduced shift in comparison to the non-fluorinated 
polymer and therefore suggestive of a reduced degree of aggregation in the solution 
state. It is suspected that aggregation in solution may be reduced due to increased 
steric interactions between the slightly larger F atoms and adjacent thienyl groups, 
increasing the conformational freedom of the polymer backbone and therefore 
reducing the tendency for aggregation. Similarly high conformational freedom and 
good solubility has been observed for other fluorinated polymers.44 In the solid state, 
the absorption red shifted to 585 nm, with a clear shoulder at 644 nm. Annealing 
slightly increased the intensity of the shoulder and further red-shifted the absorbance 
to 591 nm. The changes upon solidification were suggestive of backbone ordering 
and aggregation in the solid state. Comparing to the analogous alkylthienyl polymer, 
which absorbs at 583 nm in an as-cast film, the presence of carborane seems to 
have little influence. 
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Table 3.8: Optoelectronic properties of pCBBDT-TTBT, pTBDT-TTBT, pPBDT-TTBT, 
pCBBDT-TTBTF and pTBDT-TTBTF. [a] Spin-coated from 5mg/mL chlorobenzene solution. 
[b] Measured as a thin film by PESA (error ± 0.05 eV). [c] Estimated from PESA calculated 
HOMO – optical band gap. [d] Determined from absorption onset in the solid state.             
* measured by cyclic voltammetry 
Polymer λmax (Film)
a HOMOb (eV) LUMOc (eV) Eg
d (eV) 
pCBBDT-TTBT 626 -4.82 -3.11 1.71 
pTBDT-TTBT42 613 -5.29* -3.67* 1.62* 
pPBDT-TTBT37 610 -5.35* -3.34* 1.70* 
pCBBDT-TTBTF 585 -4.99 -3.20 1.79 
pTBDT-TTBTF42 583 -5.46* -3.72* 1.74* 
From the onset of absorption in the solid state, the optical band gaps of pCBBDT-
TTBT and pCBBDT-TTBTF were estimated at 1.71 eV and 1.79 eV respectively 
(Table 3.8), while the ionisation potentials of pCBBDT-TTBT and pCBBDT-TTBTF 
were measured as 4.82 eV and 4.99 eV by PESA. These values are significantly 
lower than those calculated by cyclic voltammetry for alkylaryl alternatives, an effect 
probably arising from inherent differences in the measurement techniques. Using the 
optically derived band gap, the LUMO level energies of pCBBDT-TTBT and 
pCBBDT-TTBTF were estimated as -3.11 eV and -3.20 eV, respectively (Table 3.9) 
 
DFT calculations were performed using Gaussian09 with the B3LYP/6-31G* basis 
set, predicting the optimised structural geometry of a pCBBDT-TTBT trimer in which 
the branched alkyl chains were replaced by methyl groups to reduce computational 
demands (Figure 3.11). As observed for the DPP co-polymers, the puckered BDT 
unit imposed a distortion on the backbone perpendicular to the direction of 
conjugation. As with earlier calculations, this is only a representative of the trimer in a 
vacuum therefore planarization may be realised upon moving to the solid state, 
explaining the apparent ordering observed in UV-Vis spectroscopy. Again, despite 
the unusual convex structure, no torsional twists along the backbone were present 
and both wavefunctions were able to delocalise along the polymer chain, with the 
LUMO more localised on the electron-deficient TTBT unit (Figure 3.22). Again, the 
appended carborane cages offered no contribution to either the HOMO or LUMO 
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wavefunctions, suggesting that their influences on the energetics of the polymer were 
inductive only. DFT predicted HOMO and LUMO energies of pCBBDT-TTBT were    
-4.88 eV and -3.20 eV, respectively, both lower in energy than HOMO and LUMO 
energies calculated for alkylphenyl and alkylthienyl equivalents using the same 
technique (Table 3.9). These results mirrored those observed for DPP co-polymers 
and are representative of the reduced electron donating ability of para-carborane 
relative to thiophene and benzene. 
 
Table 3.9: HOMO and LUMO level energies of pCBBDT-TTBT and pTBDT-TTBT, pPBDT-
TTBT. Calculated in Gaussian09 with B3LYP/6-31G* basis set. 
Polymer HOMO (eV) LUMO (eV) Eg (eV) 
pCBBDT-TTBT -4.88 -3.20 1.68 
pTBDT-TTBT -4.72 -3.08 1.64 
pPBDT-TTBT 
-4.68 -3.07 1.61 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.22: DFT-derived minimum energy conformation of pCBBDT-TTBT trimer (top) and 
visualised frontier molecular orbitals (bottom). Calculated in Gaussian09 with B3LYP/6-31G* 
basis set. 
DFT analysis of pCBBDT-TTBTF proved more difficult than its non-fluorinated 
counterpart, with calculations timing out before completion, even after structural 
simplifications intended to ease computing demands. Such processing limitations 
necessitated the modelling of one DA repeat unit rather than the more traditionally 
investigated trimer. While this rendered comparisons between fluorinated and non-
Side-on view Top-down view 
LUMO HOMO 
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fluorinated polymers unfair, modelling of alkylaryl units using the same limitations 
enabled the effects of alkylcarboranyl substitution to be determined. It is known that 
the HOMO and LUMO energies converge as polymeric chain length increases, 
therefore these values are used to identify trends arising from side-chain modification 
rather than to accurately predict polymer properties (Table 3.10). It was apparent that 
substitution of alkylphenyl and alkylthienyl side groups for alkylcarboranyl results in a 
lower lying HOMO energy level, improving material stability and potentially leading to 
an improved VOC in a photovoltaic device. The band gap is also seen to increase 
although the reliability of this figure can be questioned and is likely to reduce upon 
moving from one repeat unit to a polymer. 
 
Table 3.10: HOMO and LUMO level energies of CBBDT-TTBTF, TBDT-TTBTF and PBDT-
TTBTF. Calculated in Gaussian09 with B3LYP/6-31G* basis set. 
Polymer HOMO (eV) LUMO (eV) Eg (eV) 
pCBBDT-TTBTF -5.20 -2.34 2.86 
pTBDT-TTBTF -4.98 -3.02 1.96 
pPBDT-TTBTF -4.99 -3.03 1.96 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.23: DFT-derived minimum energy conformation of CBBDT-TTBTF (left) and 
visualised frontier molecular orbitals (right). Calculated in Gaussian09 with B3LYP/6-31G* 
basis set.  
Side-on view 
Top-down view 
HOMO 
LUMO 
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Visualisation of the frontier molecular orbitals showed localisation of the LUMO on 
the TTBTF unit and no contribution to either wavefunction from the carborane cage, 
supporting results seen throughout this study (Figure 3.23). Also shown in figure 3.23 
is the presence of the distorted BDT core identified earlier. 
 
3.6.3 Physical Properties 
 
XRD analysis of drop-cast films of pCBBDT-TTBT showed a diffraction at 5.1° (2θ), 
corresponding to lamellar organisation with an interlayer distance of 17.3 Å (Figure 
3.24). Upon annealing the intensity of the diffraction peak remained relatively 
unchanged, however the interlayer distance increased slightly to 18.0 Å (2θ = 4.9°). 
This increased lamellar spacing is mirrored in XRD analysis of alkylthienyl 
alternatives, which exhibit interchain distances of 16.1 Å and 17.9 Å for pristine and 
annealed films, respectively.42 The slight increase in spacing distance upon 
replacement of alkylthienyl side groups with alkylcarboranyl units may be a result of 
the bulk of the carborane unit slightly impeding side-chain interdigitation, thus 
causing a greater distance between adjacent chains. Following thermal annealing, 
however, this increase in lamellar spacing was negligible (0.1 nm greater than the 
alkylthienyl polymer) and was therefore not anticipated to impede charge transport in 
OFET devices. 
 
 
 
 
 
 
 
 
 
Figure 3.24: XRD spectra of pCBBDT-TTBT (left) and pCBBDT-TTBTF (right) as pristine 
films and after annealing at 160 °C for ten minutes. Spectra offset for clarity. 
 
A greater difference between alkylthienyl and alkylcarboranyl polymers was observed 
upon XRD analysis of the difluorinated copolymer. Wu and co-workers reported an 
absence of crystallinity in the alkylthienyl analogue, due to repulsive F-F interactions 
preventing good quality film formation.42 Analysis of a drop cast film of pCBBDT-
TTBTF showed a weak reflection at 5.0° (2θ), representative of lamellar (d100) 
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organisation with an interlayer distance of 17.7 Å. Encouragingly, the intensity of this 
diffraction peak increased dramatically following annealing at 160 °C for ten minutes, 
implying that pCBBDT-TTBTF is able to organise to a far greater degree than the 
alkylthienyl alternative, providing thermal treatment is applied. Additionally, the 
presence of a π – π stacking resonance at 24.9° – corresponding to a separation of 
3.7 Å – suggested that the introduction of an alkylcarboranyl side-chain may be an 
effective means of inducing long-range order in previously amorphous 
semiconducting polymers. As with DPP co-polymers, this degree of crystallinity was 
not anticipated upon examination of DFT-derived energy minimised structures, 
suggesting that backbone planarization in the solid state was taking place. DSC 
analysis of both polymers showed no obvious thermal transitions between 0 °C and 
300 °C and TGA analysis showed both materials to possess excellent thermal 
stability, with 5% mass loss observed at temperatures greater than 400 °C in both 
cases (Figure 3.25). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.25: Top:  Second heating-cooling DSC cycles of pCBBDT-TTBT and pCBBDT-
TTBTF at 10 °C/min. Bottom: TGA thermatograms of pCBBDT-TTBT and pCBBDT-TTBTF 
recorded with a heating rate of 10 °C/min under N2 atmosphere. 
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3.6.4 OFET Performance 
 
The charge-carrier performances of pCBBDT-TTBT and pCBBDT-TTBTF were 
investigated in BGBC FET devices using PFBT treated gold electrodes. The SiO2 
dielectric layer was treated with HDMS before use and films were deposited by spin 
coating and annealed prior to analysis (Figure 3.26). The saturated charge-carrier 
mobility (µsat) of pCBBDT-TTBT was calculated as 1.1 x 10
-2 cm2 V-1 s-1, with a very 
reasonable threshold voltage of -9V (Table 3.11). This represents a significant 
improvement over the alkylthienyl alternative (1.3 x 10-4 cm2 V-1 s-1), in agreement 
with the lack of crystalline order reported for that polymer. It is, however, lower than 
that reported for the alkylphenyl equivalent (8.9 x 10-2 cm2 V-1 s-1).37,42 It must be 
noted that the higher mobility for the alkylphenyl polymer was determined by the 
space-charge-limited-current (SCLC) technique, a method which analyses bulk 
mobility rather than interface mobility so is therefore likely to lead to different results, 
hindering fair comparison of device operation. 
 
 
 
 
 
 
 
 
Figure 3.26: Transfer (left) and output (right) characteristics of pCBBDT-TTBT in BGBC 
OFET device. 
 
Analysis of pCBBDT-TTBTF in BGBC OFET devices proved tricky, with serious 
dewetting observed during spin-coating of the film. The absence of a smooth, uniform 
active layer ensured that any mobilities extracted were non-optimised. In spite of this, 
a saturated hole mobility of 1.2 x 10-3 cm2 V-1 s-1 was recorded, a significant 
improvement over that observed in the equivalent alkylthienyl copolymer (2.5 x 10-4 
cm2 V-1 s-1) supporting the superior crystallinity of thermally annealed pCBBDT-
TTBTF observed in XRD analysis. The degree of hysteresis and anomalies arising 
from poor film quality meant that an output curve could not be generated for 
pCBBDT-TTBTF in a BGBC OFET device. 
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Figure 3.27: Transfer characteristic of pCBBDT-TTBTF in BGBC OFET device. 
 
Table 3.11: BGBC OFET device characteristics of pCBBDT-TTBT and pCBBDT-TTBTF. 
Polymer 
µsat  
(cm2 V-1 s-1) 
VT (V) Ion/Ioff 
pCBBDT-TTBT 1.1 x 10-2 -9 ~102 
pCBBDT-TTBTF 1.2 x 10-3 -8 ~102 
 
The OFET performance properties of both polymers could be improved by changing 
the device architecture. Utilisation of a TGBC structure, in which the gold electrodes 
were treated with PFBT and CYTOP was used as the dielectric, saw an increase in 
the saturated hole mobility of pCBBDT-TTBT to 9.3 x 10-2 cm2 V-1 s-1, a four-fold 
improvement on the BGBC mobility. As with the DPP copolymers, this increase in 
performance is attributed to the increased contact area between the active layer and 
the electrodes. The increase in performance of pCBBDT-TTBTF was far greater than 
that observed for the non-fluorinated polymer, although an increased threshold 
voltage was necessary to overcome the poor film forming abilities of the polymer. 
Employment of the TGBC architecture, thereby circumventing the dewetting 
problems encountered in BGBC devices, enabled the calculation of a saturated hole 
mobility of 2.7 x 10-2 cm2 V-1 s-1, a 20-fold improvement over the initial measurement 
and an increase of two orders of magnitude over the equivalent alkylaryl polymer 
(Table 3.12). 
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Table 3.12: TGBC OFET device characteristics of pCBBDT-TTBT and pCBBDT-TTBTF. 
Polymer 
µsat  
(cm2 V-1 s-1) 
VT (V) Ion/Ioff 
pCBBDT-TTBT 9.3 x 10-2 -18 ~102 
pCBBDT-TTBTF 2.7 x 10-2 -46 ~103 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.28: Transfer (left) and output (right) characteristics of pCBBDT-TTBT (top) and 
pCBBDT-TTBTF (bottom) in TGBC OFET device. 
 
3.6.5 OPV Properties 
 
Photovoltaic devices for pCBBDT-TTBT and pCBBDT-TTBTF were prepared in the 
same manner as that described for pCBBDT-DPP, and analysed under AM 1.5 
illumination. The active layer was composed of a 1:1 (w/w) blend of polymer and 
PCBM, deposited from a 30 mg mL-1 o-dichlorobenzene:chloroform (1:1) solution at a 
spin speed of 3500 rpm. Devices were tested as spun and following annealing at   
120 °C and 140 °C. The J-V curves of the two polymers are shown in figure 3.29 with 
the photovoltaic performance summarised in table 3.13. 
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pCBBDT-TTBT shows a significant increase in performance following thermal 
treatment, with PCE increasing from 0.77% in an as-spun device to 4.04% after 
annealing at 140 °C for ten minutes. This improved performance is a result of an 
increased JSC and FF, rather than VOC which stays relatively constant throughout. It is 
possible that thermal treatment enabled the active layer morphology to alter, 
supporting agreements seen in earlier XRD analysis and leading to improved 
crystallinity and photovoltaic performance. pCBBDT-TTBT shows improved 
photovoltaic performance than its alkylthienyl equivalent (PCE = 1.9%), owing to a 
larger open-circuit voltage and higher short-circuit current (0.68 V and 6.69 mA cm-2, 
respectively). pCBBDT-TTBT, however, is unable to match the performance of the 
alkylphenyl alternative reported by Zhang and co-workers, whose high VOC and JSC 
values (0.92 V and 11.46 mA cm-2) facilitated the analysis of a OPV device with a 
PEC of 5.09%.42 Fill factors are relatively constant across all three BDT units. 
 
Table 3.13: Photovoltaic properties of pCBBDT-TTBT  and pCBBDT-TTBT  in single layer 
devices made from a CHCl3:o-DCB solution of polymer:PCBM (1:1 w/w). [a] Highest 
performing device reported, average for six devices shown in parentheses. 
Polymer Annealing Temp (°C) Voc (V) 
JSC 
 (mA cm-2) 
FF PCE (%)a 
pCBBDT-TTBT n/a 0.78 3.92 0.25 0.77 (0.73) 
pCBBDT-TTBT 120 0.82 9.10 0.48 3.60 (3.24) 
pCBBDT-TTBT 140 0.81 10.23 0.49 4.04 (3.89) 
pCBBDT-TTBTF n/a 0.86 1.61 0.24 0.34 (0.25) 
pCBBDT-TTBTF 120 0.87 4.39 0.29 1.11 (0.83) 
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Figure 3.29: J-V curves of pCBBDT-TTBT (left) and pCBBDT-TTBTF (right) OPV devices. 
Spun from 30 mg mL
-1
 CF:o-DCB solution. 
 
Difluorination of the benzothiadiazole unit lead to an increase in VOC, as predicted by 
PESA analysis and DFT calculations, and reported upon previous instances of use of 
this comonomer unit. Unfortunately, this increase in VOC was at the expense of JSC 
and FF, both of which were significantly reduced in the difluorinated polymer. These 
results are in disagreement with those recorded for the analogous alkylthienyl 
polymer, in which an increase in OPV performance (PCE = 4.8%) is observed upon 
backbone fluorination.42 
 
Table 3.14: Photovoltaic properties of pCBBDT-TTBT with and without DIO cosolvent. [a] 
Highest performing device reported, average for six devices shown in parentheses. 
Polymer DIO added? Voc (V) 
JSC 
 (mA cm-2) 
FF PCE (%)a 
pCBBDT-TTBT No 0.82 11.72 0.46 4.47 (4.10) 
pCBBDT-TTBT Yes 0.82 6.60 0.31 1.66 (1.09) 
Comparable polymers reported in the literature show an increased in OPV 
performance when DIO was used as a cosolvent.42 The presence of two solvents is 
known to enable separate deposition of the polymer and PCBM in the active layer, 
favouring the formation of suitably sized domains and improving photon conversion 
and therefore overall cell efficiency. Cells with a pCBBDT-TTBT active layer were 
fabricated both with and without the addition of 0.5 wt% DIO; the resulting J-V curves 
are shown in figure 3.30 and the photovoltaic parameters in table 3.14. Unfortunately, 
the addition of DIO did not lead to an increase in cell performance, owing to 
reductions in fill factor and short-circuit current, suggesting that a less-favourable 
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active-layer morphology is observed when DIO is used. This is potentially due to 
different solubilities and intermolecular attractions arising from the incorporation of 
bulky carborane into a two-dimensional, aromatic polymer backbone. 
 
 
 
 
 
 
 
 
 
Figure 3.30: J-V curves of pCBBDT-TTBT OPV devices with and without DIO (left) and at 
different deposition speeds (right). Spun from 30 mg mL
-1
 CF:o-DCB solution. 
 
Also shown in figure 3.30 are J-V curves of OPV devices of pCBBDT-TTBT spun 
from a 1:1 (w/w) solution of polymer:PCBM at a range of speeds. The devices were 
annealed before analysis and the resultant photovoltaic properties are shown in table 
3.15. It was observed that by careful investigation of deposition spin rate, cell 
performance can be improved, with 2500 rpm offering the highest performance. This 
was anticipated to be a result of certain spin speeds enabling solution evaporation 
rate to be modulated, facilitating deposition of an active layer with a morphology 
optimised for light absorption, free carrier generation and charge transport. 
 
Table 3.15: Photovoltaic properties of pCBBDT-TTBT in devices fabricated at a range of 
deposition spin speeds. [a] Highest performing device reported, average for six devices 
shown in parentheses. 
Polymer Spin Speed (rpm) Voc (V) 
JSC 
 (mA cm-2) 
FF PCE (%)a 
pCBBDT-TTBT 1500 0.81 11.50 0.46 4.31 (4.02) 
pCBBDT-TTBT 2500 0.81 13.00 0.48 5.07 (4.68) 
pCBBDT-TTBT 3500 0.82 10.83 0.54 4.78 (4.58) 
pCBBDT-TTBT 4500 0.83 10.84 0.50 4.50 (4.37) 
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3.7 Conclusions 
 
Extension of the CBBDT polymer series by copolymerisation with two further known 
electron withdrawing units, TTBT and TTBTF enabled a greater understanding of the 
properties of the novel monomer unit to be realised. As with the DPP copolymers, 
incorporation of carborane units into the BDT core facilitated good aggregating 
properties and increased crystallinity in comparison to non-carborane containing 
equivalents. Further similarities with the DPP polymer series are seen in the effects 
of carborane incorporation on HOMO and LUMO energy levels, and an increase in 
OFET performance over comparable literature examples. Replacement of the DPP 
comonomer with TTBT lead to an increase in OPV performance, with PCE values 
between those reported for alkylthienyl and alkylphenyl alternatives observed. 
 
Fluorination of the TTBT core led to a decrease in optoelectronic performance, 
potentially due to unfavourable interactions between the fluorine atom and β-
hydrogen atoms on adjacent thiophene units, leading to an increase in observed 
crystallinity but a reduction in both OFET and OPV performance. Results observed in 
this polymer series further support the promise offered by CBBDT as a novel building 
block for organic electronic applications and are anticipated to lead towards its more 
widespread use as a component as functional organic molecules. 
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3.8 Experimental 
 
Organic field effect transistors were fabricated according to methods described in 
chapter two. 
 
OPV Device Fabrication 
 
ITO-coated glass substrates (from Psiotec) were successively cleaned in soap water, 
DI water, acetone and isopropyl alcohol in the ultrasonic bath followed by nitrogen 
blow dry.  Cleaned and dried ITO substrates were placed into the oxygen plasma unit 
to treat the ITO substrate for 7 min at pressure 0.25mbar. A 35 nm layer of 
PEDOT:PSS (AI4083, Clevious) was spin-coated onto the plasma-treated ITO 
substrate immediately and annealed at 150 ºC for 15min on the hotplate. The blend 
solution of different blends 1:1, 1:1.5 and 1:2 of polymer to PC71BM (Solenne, BV) 
(W/W) was prepared in o-dichlorobenzene (o-DCB) and CF: o-DCB with total 
concentration of 30 mg mL-1 . An active layer was spin-coated on the PEDOT:PSS 
layer in air with different spin rates  from 1500-4500 rpm and then Ca (20 nm)/Al (100 
nm) cathode was finally deposited by thermal evaporation under high vacuum (10-6 
mbar) through a shadow mask. The pixel size, defined by the spatial overlap of the 
ITO anode and Ca/Al cathode, was 0.045 cm2. The device characteristics were 
measured using a xenon lamp at AM1.5 solar illumination (Oriel Instruments). 
 
3.8.1 1-(2-Ethylhexyl)-para-carborane 
 
para-Carborane (5 g, 35 mmol) was dissolved in anhydrous THF (300 mL) and 
cooled to 0 ˚C. To this solution was added n-BuLi (1.6 M in hexanes, 23 mL, 37 
mmol), dropwise before stirring at 0 ˚C for 1 hour. In a separate flask, anhydrous 
lithium iodide (790 mg, 6.9 mmol) was suspended in anhydrous THF (100 mL) and 
cooled to –20 ˚C. To this suspension was added the first solution followed by 2-
ethylhexyl bromide (8.7 g, 45.1 mmol) with the resulting mixture being allowed to 
warm to room temperature overnight. The reaction was quenched with water (150 
mL) and extracted with diethyl ether. The organic layers were combined, washed with 
water and brine and dried over magnesium sulphate. Vacuum distillation of the crude 
mixture (120 ˚C, 2 mbar) afforded the desired product as a colourless oil (4.3 g, 17 
mmol, 48%). 1H NMR (400 MHz, CDCl3): δ 2.23 (s, 5H), 2.14 (s, 5H), 1.53 (d, J = 4.4 
Hz, 2H), 1.24 (m, 3H), 1.09 (m, 9H), 0.87 (t, J = 7.3 Hz, 3H), 0.75 (t, J = 7.3 Hz,  3H). 
13C {1H} NMR (100 MHz, CDCl3) δ 58.3, 43.0, 41.8, 39.5, 33.0, 28.7, 26.1, 22.9, 14.1, 
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10.6. 11B {1H} NMR (400 MHz, CDCl3): δ -12.52, -15.26. MS (GC-MS): m/z = 256.4 
(M+) 
 
3.8.2 4,8-Bis-(12-(2-ethylhexyl)-1-p-carboranyl)-benzo[1,2-b:4,5-b’]dithiophene 
 
1-(2-Ethylhexyl)-para-carborane (3.7 g, 14.4 mmol) was dissolved in anhydrous 1,2-
dimethoxyethane (300 mL) before n-BuLi (1.6 M in hexanes, 9.3 mmol, 14.8 mmol) 
was added dropwise. The resulting mixture was stirred at room temperature for 1 
hour. In a separate flask, benzo[1,2-b:4,5-b’]dithiophene-4,8-dione (1.1 g, 4.8 mmol) 
was suspended in anhydrous 1,2-dimethoxyethane (20 mL) before the first solution 
was added and the resulting mixture was heated to 90 ˚C for 16 hours. Following 
cooling to room temperature a solution of SnCl2.2H2O (26 g, 115.6 mmol) in 10 % 
HCl (110 mL) was added and the resulting mixture was stirred at room temperature 
for 4 hours. The reaction mixture was poured into water (300 mL) and extracted with 
diethyl ether. The organic layers were combined and washed with water, saturated 
NaHCO3 solution and brine before being dried over magnesium sulphate. Purification 
by column chromatography (eluent: chloroform:hexane, 2:1) afforded the desired 
product as a viscous orange oil (1.14 g, 1.6 mmol, 34 %). 1H NMR (400 MHz, CDCl3): 
δ 7.62 (d, J = 5.0 Hz, 2H), 7.52 (d, J = 5.0 Hz, 2H), 2.20 (br, 20H), 1.48 (m, 4H), 
1.17-1.05 (m, 18H), 0.86 (t, J = 7.3 Hz, 6H), 0.71 (t, J = 7.3 Hz, 6H). 13C {1H} NMR 
(100 MHz, CDCl3) δ 145.0, 140.8, 138.7, 135.2, 132.9, 126.0, 59.9, 56.8, 41.7, 39.57, 
32.9, 28.6, 26.0, 15.2, 10.7. 11B {1H} NMR (400 MHz, CDCl3): δ -11.92, -14.65. MS 
(EI): m/z = 698.50 (M+) 
 
3.8.3 2,6-Bis(trimethyltin)-4,8-bis-(12-(2-ethylhexyl)-1-p-carboranyl)-benzo[1,2-
b:4,5-b’]dithiophene 
 
4,8-Bis-(12-(2-ethylhexyl)-1-para-carboranyl)-benzo[1,2-b:4,5-b’]dithiophene (800 
mg, 1.1 mmol) was dissolved in anhydrous THF (60 mL) and cooled to –78 °C before 
a solution of t-BuLi (1.7 M in pentane, 3 mL, 5.1 mmol) was added dropwise. The 
resulting solution was stirred at –78 °C for 45 minutes before a solution of trimethyltin 
chloride (1.0 M in hexanes) was added and the solution was allowed to warm to room 
temperature overnight. The reaction was quenched with methanol (100 mL) and the 
reaction precipitate collected. Recrystallisation from acetonitrile afforded the desired 
product as a yellow/orange solid (670 mg, 0.65 mmol, 59%). 1H NMR (400 MHz, 
(CD3)2CO): δ 7.79 (s, 2H), 2.25 (br, 20H), 1.59 (d, J = 5.0 Hz, 4H), 1.24–1.11 (m, 
18H), 0.85 (m, 6H), 0.74 (m, 6H), 0.13 (s, 18H). 13C{1H} NMR (100 MHz, (CD3)2CO) δ 
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144.6, 141.0, 138.5, 134.7, 125.8, 59.6, 56.8, 41.5, 39.7, 32.7, 28.4, 25.8, 22.6, 13.4, 
10.0, 7.3. 11B {1H} NMR (400 MHz, (CD3)2CO): δ -12.63, -13.42 MS (ESI): m/z = 
1026.01 (M+H) 
 
3.8.4 Poly[4,8-bis-(12-(2-ethylhexyl)-1-para-carboranyl)-benzo[1,2-b:4,5-b’] 
dithiophene-alt-2,5-bis-(2-octyldodecyl)pyrrolo[3,4-c]-1,4(2H,5H)-dione] 
 
2,6-Bis(trimethyltin)-4,8-bis-(12-(2-ethylhexyl)-1-para-carboranyl)-benzo[1,2-b:4,5-
b’]dithiophene (131.2 mg, 0.13mmol), 3,6-bis(2-bromothien-5-yl)2,5-bis(2-
octyldodecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (138.9 mg, 0.13 mmol), 
Pd2(dba)3 (2.3 mg, 2.5 x 10
-3 mmol) and P-(o-tol)3 (3.1 mg, 1.0 x 10
-2 mmol) were 
added to a dry microwave vial which was sealed and flushed thoroughly with argon. 
To this was added anhydrous, degassed chlorobenzene (1.5 mL) and the resulting 
solution was degassed for 45 minutes before heating in the microwave reactor: 
100 °C for 5  minutes, 140 °C for 5 minutes and 180 °C for 30 minutes. Following 
cooling to room temperature the crude polymer was precipitated into acidified 
methanol and further purified by sequential Soxhlet extractions with methanol (24 
hours), acetone (24 hours), n-hexane (24 hours) and chloroform (24 hours). Residual 
catalytic residues were removed by treating a polymeric chlorobenzene solution with 
an aqueous sodium diethyldithiocarbamate solution for 3 hours at 50 °C with 
vigorous stirring. The organic phase was separated from the aqueous phase and 
washed several times with water. The polymer solution was concentrated under 
reduced pressure and precipitated into methanol before final purification by 
preparative size exclusion chromatography yielded the desired product as a dark 
green solid (161 mg, 0,107 mmol, 74 %). Mn = 52 kDa, Mw = 280 kDa, PDI = 5.4. 
1H 
NMR (400 MHz, d2-TCE, 130 °C): δ 8.78 (br, 2H), 7.84 (br, 2H), 7.42 (br, 2H), 2.40-
2.25 (br, 20H), 2.05-0.89 (br, 116H)  
 
3.8.5 Poly[4,8-bis-(12-(2-ethylhexyl)-1-para-carboranyl)-benzo[1,2-b:4,5-b’] 
dithiophene-alt-4,7-bis-(4-(2-ethylhexyl)thiophene-2-yl-benzo[c][2,1,3] 
thiadiazole 
 
2,6-Bis(trimethyltin)-4,8-bis-(12-(2-ethylhexyl)-1-para-carboranyl)-benzo[1,2-b:4,5-
b’]dithiophene (149.9 mg, 0.15mmol), 4,7-bis(5-bromo-3-(2-ethylhexyl)-2-
thienyl)benzo[c][2.1.3]thiadiazole (99.6 mg, 0.15 mmol) Pd2(dba)3 (2.7 mg, 3.0 x 10
-3 
mmol) and P-(o-tol)3 (3.6 mg, 0.011 mmol) were added to a dry microwave vial which 
was sealed and flushed thoroughly with argon. To this was added anhydrous, 
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degassed chlorobenzene (1.5 mL) and the resulting solution was degassed for 45 
minutes before heating in the microwave reactor: 100 °C for 5  minutes, 140 °C for 5 
minutes and 180 °C for 30 minutes. Following cooling to room temperature the crude 
polymer was precipitated into acidified methanol and further purified by sequential 
Soxhlet extractions with methanol (24 hours), acetone (24 hours), n-hexane (24 
hours) and chloroform (24 hours). Residual catalytic residues were removed by 
treating a polymeric chlorobenzene solution with an aqueous sodium 
diethyldithiocarbamate solution for 3 hours at 50 °C with vigorous stirring. The 
organic phase was separated from the aqueous phase and washed several times 
with water. The polymer solution was concentrated under reduced pressure and 
precipitated into methanol before final purification by preparative size exclusion 
chromatography yielded the desired product as a dark purple solid (104 mg, 0.085 
mmol, 58 %). Mn = 26 kDa, Mw = 49 kDa, PDI = 1.9. 
1H NMR (400 MHz, d2-TCE, 
130 °C): δ 7.85 (br, 2H), 7.41 (br, 2H), 6.99 (br, 2H), 2.42-2.17 (br, 20H), 1.99-0.90 
(m, 68H) 
 
3.8.6 Poly[4,8-bis-(12-(2-ethylhexyl)-1-para-carboranyl)-benzo[1,2-b:4,5-b’] 
dithiophene-alt-4,7-bis-(4-(2-ethylhexyl)thiophene-2-yl-5,6-difluoro-
benzo[c][2,1,3] thiadiazole 
 
2,6-Bis(trimethyltin)-4,8-bis-(12-(2-ethylhexyl)-1-para-carboranyl)-benzo[1,2-b:4,5-
b’]dithiophene (113.3 mg, 0.11mmol), 4,7-bis(5-bromo-3-(2-ethylhexyl)-2-thienyl)-5,6-
difluorobenzo[c][2.1.3]thiadiazole (79.0 mg, 0.11 mmol) Pd2(dba)3 (2.0 mg, 2.2 x 10
-3 
mmol) and P-(o-tol)3 (2.7 mg, 8.8 x 10
-3 mmol) were added to a dry microwave vial 
which was sealed and flushed thoroughly with argon. To this was added anhydrous, 
degassed chlorobenzene (1.5 mL) and the resulting solution was degassed for 45 
minutes before heating in the microwave reactor: 100 °C for 5  minutes, 140 °C for 5 
minutes and 180 °C for 30 minutes. Following cooling to room temperature the crude 
polymer was precipitated into acidified methanol and further purified by sequential 
Soxhlet extractions with methanol (24 hours), acetone (24 hours), n-hexane (24 
hours) and chloroform (24 hours). Residual catalytic residues were removed by 
treating a polymeric chlorobenzene solution with an aqueous sodium 
diethyldithiocarbamate solution for 3 hours and 50 °C with vigorous stirring. The 
organic phase was separated from the aqueous phase and washed several times 
with water. The polymer solution was concentrated under reduced pressure and 
precipitated into methanol before final purification by preparative size exclusion 
chromatography yielded the desired product as a dark purple solid (88 mg, 0.069 
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mmol, 64 %). Mn = 20 kDa, Mw = 38 kDa, PDI = 1.9. 
1H NMR (400 MHz, d2-TCE, 
130 °C): δ 8.22 (br, 2H), 7.87 (br, 2H), 2.47-2.22 (br, 20H), 1.95-0.79 (m, 68H) 
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Chapter Four 
 
Polythiophenes with Carborane Pendant Groups for 
OPV and OFET Applications. 
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4.1 Introduction 
 
Despite significant promise, research into the effects of pendant groups on the 
properties of conjugated polymers has not been as prolific as that into direct 
modifications of the polymer backbone itself.1 The ease with which a huge range of 
pendant species – optically active side-chains,2,3 perfluoroalkyl groups,4,5 electron 
acceptors,6 electron donators,7 liquid crystalline groups,8 and countless others – can 
be incorporated into conjugated polymers ensures that this is an area into which 
further work is needed. Conjugated polymers with pendant groups can be split into 
three categories: aromatic pendants on a non-aromatic backbone, non-aromatic 
pendants on an aromatic backbone and aromatic pendants on an aromatic 
backbone. All three enable functionality to be imparted onto materials, furthering their 
potential uses and opening up a range of novel applications.  
 
 
 
 
Figure 4.1. Schematic representations of main-chain polymer (left) and pendant polymer 
(right). 
 
The potential to control polymer properties through careful manipulation of pendant 
groups has been previously investigated, with both the regularity and bulk of the 
pendant units having a significant effect.9 Initial work on electrochemically 
polymerised poly(pyrrole) with pendant hydrocarbon chains showed that carbon 
substituted materials could be synthesised in higher molecular weight than those 
functionalised on the nitrogen,10 despite this, the multiple drawbacks of 
electrochemically polymerised materials – poor solubility, low regioregularity and little 
morphological control – rendered them unsuitable for organic electronic applications, 
where solution processing and morphological control are de rigeur.11–14 
 
An alternative method of incorporating pendant groups onto polymers is to graft them 
on following polymerisation. While this idea is sound in principle, the reduced 
reactivity of a large, rigid, often already substituted polymer is likely to lead to 
incomplete substitution.15,16 Furthermore, the separation of grafted and non-grafted 
chains is known to be problematic17 and control over the frequency of pendant 
groups along the backbone is diminished.18 Chemical polymerisation of pendant-
appended monomers is an alternative method of synthesising this class of materials. 
    
n n 
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In this case, processability can often be improved by the presence of aggregation-
impairing pendants, which are able to interrupt π stacking between polymer 
backbones and improve material solubility.9 
 
The introduction of pendant groups offers an extensive range of variety that can be 
introduced onto conjugated polymers. In addition to the structure of the pendant 
groups, their spacing and means of connection to the backbone have been shown to 
affect chemical and physical properties.19 Through careful control of crystallinity, 
morphology and backbone spacing, the charge-transporting properties of a 
conjugated polymer can be tuned,20 opening the door to a range of modifications that 
can be made to potentially improve existing, high performing materials. It has been 
shown that the stability of polymers can be improved by careful pendant group 
selection, as demonstrated by Rivera and co-workers on a range of polyacetylene 
derivatives.20 Known to be oxidatively unstable,21 it was found that the introduction of 
stabilising pendant groups – in this case, 1-pyrenyl groups – hindered over-oxidation 
of polyacetylene and increased the potential for improved device lifetimes (Figure 
4.2). 
 
Figure 4.2. Structures of non-pendant functionalised (left) and pendant functionalised 
poly(acetylene) (right). 
 
It has also been shown that pendant groups are able to improve chemical and 
thermal stability, traits that are desirable in functional organic materials. By including 
oxodiazole pendants onto polyfluorenes, Sung and Lin showed that material stability 
could be improved.22 They also noted that incorporation of pendants on the same 
side or on alternating sides of the backbone gave different results, enabling control of 
polymer intercalation and therefore solid state morphology. When forming a part of 
the aromatic system, pendant groups have been shown to alter polymeric energy 
levels, facilitating charge injection and extraction processes and improving ambient 
stability.19 By including electron withdrawing or donating species into the pendant 
groups it is possible to tune HOMO and LUMO energy levels, offering an alternative 
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means of energetic control than typically utilised through direct modification of the 
polymer backbone.19,23 This ability to induce functionality without affecting the 
backbone offers potential to improve the performance of conjugated polymers 
beyond that available through backbone modification alone.9 Additionally, by moving 
the electron withdrawing component of a donor-acceptor polymer away from the 
backbone, it is hoped that intramolecular hole transport along the polymer chain will 
be improved, potentially by minimising interactions between the positively charged 
hole and partially negative charged electron-deficient monomer unit.24 It must be 
noted, however, that the steric effects that result from large pendant groups can be 
overpowering, hindering polymerisation and resulting in low molecular weight 
materials, as observed by Shi and Zeng upon the incorporation of bulky triarylamine 
groups on a series of polymers (Figure 4.3).25 
 
Figure 4.3. Structures of pendant copolymers synthesised and evaluated by Shi and Zeng. 
 
Li and co-workers investigated a range of conjugated pendant groups, demonstrating 
the effect of creating an extended conjugation area on both optical and electronic 
properties.26 Beginning with a simple poly(3-alkenylthiophene), they were able to 
show that the introduction of a conjugated side chain could lead to broadening of the 
polymer UV-vis spectrum, facilitating improved  absorption of incident photons and 
therefore an improvement in photovoltaic power conversion efficiency.27 Additionally, 
it was observed that extension of the conjugated system benefitted a coplanar 
arrangement, facilitating improved interchain packing and intermolecular charge 
transfer. Furthermore, upon comparison to main-chain polythiophene vinylene 
polymers, it was noted that both the HOMO and LUMO levels were lowered, leading 
to a polymer with improved stability and a potentially higher open-circuit voltage in a 
photovoltaic device. 
 
Upon expansion of this series to a range of conjugated pendant groups (Figure 4.4), 
Li et al. were able to impart tuneability upon the polymer properties. Through careful 
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selection of electron donating and withdrawing groups it was possible to control 
polymer energetics and charge-transfer characteristics, specifically tailoring them for 
use in precise optoelectronic applications.26,28,29 Additionally, by consideration of the 
structure of and spacing between adjacent pendant groups, it was possible to 
increase backbone planarity and material crystallinity, further improving device 
performance.30–32 
 
 
Figure 4.4. Structures of pendant copolymers synthesised and evaluated by Li and co-
workers. 
 
Some research has been carried out into the effects of pendant carborane groups on 
conjugated polymer properties, determining that the effects observed are comparable 
to those seen upon incorporation of carborane into the backbone, albeit to a lesser 
degree.33 An exclusion to this rule is the propensity for materials with pendant 
carboranes to possess high stability in annealed films,34 a feature that would be 
inherently useful for functional conjugated polymers whose applications are realised 
in the solid state. A prevalent example of a conjugated polymer with carborane 
pendant groups was reported by Coughlin and co-workers, in which silylcarboranes 
are appended to the end of alkyl chains in a polyfluorene derivative (Figure 4.5).35 
Here the saturated hydrocarbon chain linking the carborane cage and polymer 
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backbone prevents electronic communication between the two units. It was observed 
that the pendant carboranes enhanced solubility and suppressed crystallisation and 
π-stacking in the solid state (which in this case was desirable). However, the 
presence of bulky pendant groups was seen to negatively impact the polymerisation 
process, with only low molecular weight oligomers obtained. Compared to a 
carborane-free analogue synthesised for comparison, the inclusion of carborane 
resulted in a raise in Tg, as well as enhanced oxidative and thermal stability, 
demonstrating that the cages do not need to be electronically connected to the 
backbone for such effects to be observed. 
 
 
Figure 4.5. Structures of Polyfluorenes with pendant silylcarboranes synthesised and 
evaluated by Coughlin and co-workers. R = octyl, X = TBDMS. 
 
Other notable work on polymers with pendant carboranes was undertaken by Fabre 
and co-workers, focussing on the effects imparted upon poly(pyrrole)s in their 2003 
and 2006 papers.36,37 They observed a strong resistance to over-oxidation compared 
to unsubstituted poly(pyrrole)s, attributed to the ability of carborane to act as an 
‘energy sink’ and due to the hydrophobic nature and electron deficiency of the 
carborane cage protecting the backbone from hydroxide ions present in the 
electrolyte solution used. Interestingly, they noted that the electron withdrawing 
nature of carborane could be harnessed through a methylene linker, despite the sp3 
hybridisation of the carbon atom separating the carborane cage from the pyrrole 
backbone. Additionally, they observed improved thermal stability in the carborane 
containing materials relative to the unsubstituted poly(pyrrole). 
 
4.2 Aims 
 
Previous work on pendant carborane groups have typically focussed on ortho-
carborane linked to the polymeric backbone by non-conjugated tethering groups,33 
leaving significant scope for further research. This study will investigate the effects of 
connecting all three carborane isomers – ortho, meta and para – to an aromatic 
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backbone via a conjugated yet flexible ethylene linker group. A series of 
polythiophene derivatives was to be synthesised and analysed, with evaluation of the 
resultant polymers providing an insight into the consequences of incorporation of 
pendant carborane groups on the physical, chemical and material properties of 
semiconducting polymers (Figure 4.6). 
 
 
Figure 4.6. Structures of target polymers. 
 
By replacing solubilising alkyl groups with a flexible, conjugated carborane containing 
pendant group it was anticipated that the alkyl chain density of the polymers would 
be reduced, enabling a greater percentage of the material to consist of the functional 
polymer backbone. This was hoped to lead to improved charge transport and light 
absorbing behaviour, traits vital for successful operation as field effect transistors and 
photovoltaic devices, respectively. Reducing alkyl chain density has been shown to 
improve device performance,38,39 therefore it was hoped that this work would lead to 
improved device characteristics when compared to existing materials. It was also 
hoped that the presence of carborane cages would lead to interesting morphologies 
in the solid state; as both the polymer backbones and carborane cages have a 
tendency to aggregate and crystallise,34 offering potentially improved charge 
transporting characteristics. 
 
Additionally, it has been observed that the presence of two conjugated systems – the 
polymer backbone and an aromatic pendant group – is a viable means of broadening 
material spectral absorbance.26,40 The contributions made by two discrete conjugated 
units to the overall absorbance are cumulative, therefore it was hoped that the 
 141 
 
replacement of an alkyl chain with a conjugated, carborane-containing pendant group 
would be a suitable means of improving OPV performance. Finally, by linking the 
carborane cage to the backbone via a conjugated ethylene unit, it was predicted that 
the electron deficient nature of carborane could be harnessed, with effects imparted 
upon the polymer  of greater strength than observed when the carborane pendant is 
attached via an aliphatic linker.33 It has been shown that the presence of an electron 
withdrawing or donating side-chain can have a significant effect on the polymer 
properties.26 DFT calculations of the target monomers showed delocalisation of both 
HOMO and LUMO wavefunctions across both the thiophene ring and carborane cage 
(Figure 4.7), implying that the electronic properties of the resultant polymers would 
be affected by both the isomer of carborane present and the stereochemistry of the 
linking vinylene group. By incorporating all three carborane isomers it was hoped that 
a novel method of controlling polymer energetics and charge transporting behaviour 
could be realised. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7. DFT-derived optimised geometries of ortho/cis and ortho/trans monomers with 
frontier orbital wavefunctions visualised. Clockwise from top-left: ortho/cis LUMO, ortho/trans 
LUMO, ortho/trans HOMO, ortho/cis HOMO  
 
4.3 Monomer Synthesis 
 
An initial synthetic route was devised, taking inspiration from a 2010 communication 
by Teixidor and co-workers,41 whose development of an optimised, high-yielding 
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Wittig reaction of suitably functionalised carboranes provides a simple prospective 
route to the target monomer series (Scheme 4.1). Hence, treatment of 3-
(hydroxymethyl)thiophene with phosphorous tribromide afforded 3-
(bromomethyl)thiophene in 98% yield. The resultant alkyl bromide was readily 
converted to the phosphonium salt following reaction with triphenylphosphine, 
producing [3-(thienyl)methyl]-triphenylphosphonium bromide in 91% yield. 
Subsequent treatment of the phosphonium salt with potassium tert-butoxide afforded 
the ylide, which was reacted directly with 1-formyl-o-carborane via the Wittig reaction, 
affording the desired product in 56% yield as a mixture of isomers. Separation of the 
cis and trans isomers was readily achieved by chromatography over silica to afford 
24% of the cis product and 32% of the trans product. The isomers could be easily 
distinguished by 1H NMR spectroscopy, with the cis alkene exhibiting a coupling 
constant of 12.2 Hz and the trans 15.6 Hz. The trans isomer also had a substantially 
higher melting point (ca. 20 °C) than the cis. 
 
 
 
 
 
 
 
 
 
Scheme 4.1. Synthesis of cis and trans 3-vinylcarborane thiophene. 
 
The product E:Z ratio was approximately 4:3, despite the expectation that the 
adjacency of a thienyl moiety to the ylide was expected to act as a stabilising group, 
favouring the production of a greater amount of the E isomer. Aromatic and electron 
deficient substituents are known to stabilise the reaction intermediate, enabling its 
rearrangement to a more energetically favourable structure and selective formation of 
the E product. The alkenylcarboranes reported by Teixidor and co-workers were also 
synthesised in a mixture of products,41 when again a majority of the E-isomer was 
anticipated, suggesting that it may be the carborane cage that influences the 
stereochemistry. A potential cause of this is its three-dimensional bulk hindering the 
formation of the stabilised reaction intermediate. As investigation of both 
regioisomers was desired, this unexpected regioselectivity did not hinder this work.  
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The unsaturated ethylene linker used to append the carborane to thiophene rendered 
these molecules unsuitable for electrophilic bromination, a method traditionally used 
for the preparation of dibrominated monomers. The propensity for vinyl bonds to 
undergo addition reactions with electrophiles would lead to a bromo-substituted 
alkane, rather than the desired product. Therefore, functionalisation of the thiophene 
with reactive trimethyltin groups was investigated, with the anticipated distannylated 
product suitable for Stille polymerisation (Scheme 4.2).  
 
 
Scheme 4.2. Proposed distannylation of 3-vinylcarborane-thiophene. 
 
Unfortunately, the cage C-H site participated in a competing deprotonation reaction, 
reacting more readily than either of the α-thienyl protons and resulting in complex 
mixtures which could not be easily separated. The greater acidity of this proton 
ensured that the desired product could not be formed without either undesirable 
substitution or protection of the cage C-H proton (Scheme 4.3). This inability to form 
the desired, distannylated product meant that the synthetic route had to be modified. 
 
Scheme 4.3. Preferential cage-deprotonation of 3-vinylcarborane-thiophene. 
 
An alternative synthesis was devised, with 3-methyl-2,5-dibromothiophene as the 
starting material (Scheme 4.4). The bis-α-brominated starting material was 
anticipated to yield a product that was already functionalised for polymerisation, thus 
avoiding complications encountered in the previous route. Radical bromination of the 
methyl group on 3-methyl-2,5-dibromothiophene afforded 3-bromomethyl-2,5-
dibromothiophene in 71% yield, which could be readily converted to the 
phosphonium salt by reaction with triphenylphosphine (68%) and subsequently 
coupled with 1-formyl-ortho-carborane to form the desired product in 49% yield, via 
the Wittig reaction. In this instance an E:Z ratio of ~1:7 was observed.  Excess cis 
product could be converted to the trans isomer by irradiation with high energy (100 
 144 
 
W) UV light in quantitative yield, facilitating the synthesis of a usable amount of each 
monomer without the use of modified Wittig syntheses. This procedure was repeated 
with the meta and para isomers of carborane, yielding the series of monomers to be 
investigated in this study (Table 4.1). In all cases the isomers could be easily 
separated by chromatography. The E:Z ratio was different for the meta and para 
isomers, with a ratio of 1:1.25 and 1:1.5 respectively, possibly due to different 
electronic and steric effects from the various isomers. 
 
Scheme 4.4. Schematic showing synthetic route to cis and trans 3-vinylcarborane-2,5-
dibromothiophene. 
Table 4.1. Yields and alkene coupling constants of the six monomers in this study. 
Monomer Yield JHH Alkene 
Ortho / Cis 43 % 12.2 Hz 
Ortho / Trans 6 % 15.7 Hz 
Meta / Cis 55 % 12.0 Hz 
Meta / Trans 43 % 15.6 Hz 
Para / Cis 33 % 12.0 Hz 
Para / Trans 21 % 16.0 Hz 
As with the initial synthetic route, cis and trans isomers could be identified by 1H 
NMR analysis. 1H NOESY NMR spectroscopy also was used to discern the geometry 
of the two isomers, evaluating through-space interactions between spatially-
proximate protons. Comparison of these spectra with the DFT-determined geometry 
optimised structures confirmed the presence of both cis and trans isomers (Figure 
4.7). NOE was observed between the two ethylene protons (Hb and Hc) in the cis 
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enantiomer and between the β-ethylene proton and thienyl proton (Ha and Hc) in the 
trans enantiomer. In addition to distinguishing between the two isomers, this 
technique also supports the optimised monomer geometries predicted by DFT 
calculations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7. 
1
H NOESY NMR spectra of ortho/cis (left) and ortho/trans (right) monomers. NOE 
interactions highlighted. 
 
4.4 Polymer Synthesis 
 
Copolymerisation with thiophene enabled initial assessment of the novel monomer 
units as constituents of optoelectronically active materials. Numerous non-carborane 
analogues of this polymer series have been published, providing a benchmark 
against which this new range of materials could be compared.29,42,26,28,31 Inserting 
carborane pendant groups into a relatively simple system was anticipated to enable a 
systematic study of the effects of the isomer of carborane present, and also the 
stereochemistry of the vinyl bond between it and the polymer backbone on the 
overall properties of the polymer. 
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Scheme 4.5. Microwave-assisted synthesis of ortho / trans polymer. 
 
The six polymers in this study were synthesised by microwave-assisted Stille 
polycondensation of the desired carborane containing monomer with 2,5-
distannylthiophene in superheated chlorobenzene (Scheme 4.5). Purification by 
sequential Soxhlet extractions in methanol, acetone, n-hexane, chloroform and 
chlorobenzene afforded the polymers as a series of dark red solids. A final 
purification step involved the removal of residual catalytic impurities by chelation with 
sodium diethyldithiocarbamate and subsequent aqueous extraction. The yields of the 
soluble fractions were in the range of 40-60% for all polymers except the para/trans, 
which was substantially lower at 27%. In this particular case a significant amount of 
insoluble material remained in the Soxhlet thimble and the isolated polymer was of 
rather poor solubility, especially upon comparison to the other five polymers. 
The molecular weights of all six polymers were measured by gel permeation 
chromatography in hot (80 °C) chlorobenzene, ranging from 12 kDa to 18 kDa (Table 
4.2). It is noted that these molecular weights were significantly lower than those 
obtainable for P3HT,43,44 although in this case there is substantially lower sidechain 
density. Nevertheless, in all instances a soluble polymer was obtained, suggesting 
that the vinyl carborane pendant group was effective at solubilising the polymer. In all 
cases residual insoluble material remained following Soxhlet extraction with 
chlorobenzene, inferring that insoluble material of possible higher molecular weight 
was also formed in the reaction but could not be subsequently redissolved. The cis-
vinyl linking unit appeared to offer more solubility than its trans counterpart, 
potentially due to reduced p-orbital overlap across the double bond enabling greater 
pendant group flexibility. In all cases, the molecular weights of all six polymers were 
expected to extend beyond their effective conjugation length enabling their 
comparison to both existing materials and to each other.  
For all polymers, the relatively low solubility hindered attempts to assess backbone 
regioregularity by 1H NMR analysis. Regiorandom polymers would be expected to 
form from the synthetic route used, however there may be a slight preference for 
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oxidative insertion of the palladium catalyst into either the 2 or 5 position, potentially 
leading to some regioregularity of the sidechain. 
Table 4.2. Polymer molecular weights, determined by GPC and reported as their polystyrene 
equivalents. 
Polymer Mn (kDa) Mw (kDa) PDI 
Ortho / Cis 17 22 1.3 
Ortho / Trans 15 21 1.4 
Meta / Cis 18 27 1.5 
Meta / Trans 12 19 1.6 
Para / Cis 17 20 1.2 
Para / Trans 12 20 1.7 
 
4.4.1 Optical Properties and Energy Levels 
 
The UV-Vis absorption spectra of the polymers were recorded in dilute 
chlorobenzene solutions at room temperature and as thin films. In solution, it was 
observed that both the isomer of carborane and stereochemistry of the vinyl bond 
had an influence on absorption maximum and peak shape (Figure 4.9). The data is 
shown in table 4.3. A number of trends are apparent, firstly in all instances (cis  and 
trans  isomers), the ortho isomers have the most blue-shifted λmax, followed by the 
meta isomers, with the para isomers being most red-shifted. Secondly, for the ortho 
and meta carboranes, the trans isomers are consistently more blue-shifted than the 
cis isomers. For para-carborane, both the cis and trans isomers have similar 
absorption maxima. The trends in solution, where the polymers have a greater 
degree of conformational freedom than in the solid state, seem to track with the 
electron-withdrawing strength of the carborane isomer (ortho>meta>para). This might 
suggest that the electron-withdrawing carborane is influencing the HOMO to a 
greater extent than the LUMO, such that the band gap increases for the most 
electron withdrawing isomer. Similarly, the fact that the trans isomers are more blue –
shifted than the cis isomers would imply that the trans isomers are better able to 
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conjugate with the backbone, more effectively withdrawing electron density than the 
cis isomers. This may be expected for steric reasons. 
 
 
 
 
 
 
 
 
 
 
Figure 4.9. Solution UV spectra or all six polymers (left). Close up of λmax region (right). 
 
Table 4.3. Optical properties of all six polymers. [a] Measured in dilute chlorobenzene 
solution. [b] Spin-coated from 5 mg/mL chlorobenzene solution. [c] Determined from 
absorption onset in the solid state. 
Polymer 
λmax Sol. 
(nm)a 
λmax Film 
(nm)b 
λmax Annealed 
film (nm)b 
Opt Eg  
(film)c 
Ortho / Cis 485 534 529 1.96 eV 
Ortho / Trans 470 533 527 1.97 eV 
Meta / Cis 492 525 519 1.97 eV 
Meta / Trans 477 535 524 1.99 eV 
Para / Cis 494 534 530 1.96 eV 
Para / Trans 495 524 518 1.99 eV 
 
In addition, a long wavelength absorption shoulder was observed in all spectra, the 
intensity of which decreased with increasing solution temperature, indicative of some 
degree of intermolecular ordering even in dilute solution. No apparent trend was 
observed in the degrees of aggregation observed: in the cis polymers the intensity 
was greatest in ortho>meta>para, whereas the reverse was true upon switching to 
the trans isomer. The concentration of all solutions was comparable, confirming that 
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these observations resulted from polymer structure rather than simply dilution. 
Despite the absence of a general trend in these results, evidence of aggregation in 
the solution state suggested that the polymers chains are capable of some degree of 
ordering despite the presence of bulky carborane pendant groups, and therefore may 
offer the solid state organisation necessary for effective charge transport. 
 
 
 
 
 
 
 
 
 
 
Figure 4.10. Thin film UV-Vis absorption spectra of all six polymers. 
 
Upon moving from solution to thin film a red shift was observed in the absorption 
maxima of all six polymers (Figure 4.10), implying the presence of some degree of 
organisation in the solid state. There was also a clear shoulder for all polymers 
around 600 nm. No notable changes in the spectra were observed following 
annealing at 160 °C, implying that the as-cast morphologies were not significantly 
changed by thermal treatment. Huang et al. reported a similar phenomenon with 
bulky pendant groups, suggesting that very high temperatures would be required to 
facilitate the rearrangements necessary to improve bulk order.27 Despite this, the 
comparable λmax for all polymers suggested that solid state organisation is largely 
independent of pendant group regiochemistry. 
 
A potential cause of the loss of trends observed in solution is the bulky carborane 
cages ‘locking’ out of plane of the polymer backbone, reducing electronic 
communication between the backbone and the pendant groups. This theory is 
supported by similarities observed with the absorption spectrum of P3HT, which has 
only a minor contribution from the alkyl side chain towards its energetics.45 From the 
onset of absorption in the solid state it was possible to estimate the optical band gap, 
these values can be seen in table 4 and are all comparable to that observed in P3HT. 
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Table 4.4. HOMO and LUMO energy levels for all six polymers. [a] Measured as a thin film by 
PESA (error ±0.05 eV).[b] Determined from PESA calculated HOMO – optical band gap. [c] 
Determined from onset of absorption in the solid state. [d] Calculated in Gaussian09 using the 
B3LYP/6-31G* basis set. 
Polymer HOMOa LUMOb  Eg
c 
HOMO 
(DFT)d 
LUMO 
(DFT)d 
Eg (DFT)
d 
Ortho / Cis -5.88 -3.92 1.96 -5.10 -2.67 2.43 
Ortho / 
Trans 
-5.89 -3.92 1.97 -5.41 -2.65 2.75 
Meta / Cis -5.41 -3.44 1.97 -4.95 -2.50 2.45 
Meta / 
Trans 
-5.44 -3.45 1.99 -5.17 -2.39 2.78 
Para / Cis -5.48 -3.52 1.96 -4.97 -2.52 2.44 
Para / 
Trans 
-5.24 -3.25 1.99 -5.15 -2.37 2.78 
 
The ionisation potentials of all six polymers were measured by PESA analysis of 
spin-coated films (Table 4.4). In both cis and trans derivatives, the ionisation potential 
of ortho-carborane containing polymers was significantly greater than both the meta 
and para equivalents, in agreement with the observation that ortho-carborane is the 
most electron accepting. This supports observations made during solution state UV-
Vis analysis that ortho-carborane had the largest band gap and largest electron-
withdrawing effect on the conjugated backbone. The trend for meta and para isomers 
is less clear, with similar values observed for all isomers except para/trans, which 
appears anomalous. This may be due to difficulties in forming homogeneous films of 
this polymer, which exhibited the lowest solubility. 
 
The optimised structural geometry of all six polymers was modelled by DFT 
calculations, performed using Gaussian09 with the B3LYP/6-31G* basis set, using 
hexamers as representatives of the polymer backbone. In all cases only regioregular 
head-to-tail spacings of the sidechains was considered, although in reality it is likely 
that head-to-head and tail-to-tail linkages are present. In the case of head-to-tail 
linkages, it was apparent that for all isomers the presence of the vinyl-carborane 
moiety induced a slight out-of-plane twist along the polymer backbone (Figure 4.11 
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and Appendix B.1-4). However, upon visualisation of the molecular orbitals (Figure 
4.12 and Appendix B.5-8), it was observed that this twist did not impair electronic 
delocalisation along the thiophene backbone. Additionally, it was noted that steric 
interactions between adjacent carborane moieties led to the out-of-plane 
displacement of the vinylene bonds, occurring to a greater extent in the cis isomers. 
It is possible that these undesirable interactions occurred to a lesser degree in the 
trans polymers due to increased spatial segregation between pendant groups, 
although the vacuum state in which these calculations are performed may lead to the 
proposal of conformations which are not favoured in the solution or solid state. This 
further suggests that any reduction in regioregularity from the head-to-tail orientation 
would cause further disruption. 
 
Visualisation of the frontier wavefunctions suggested that neither the HOMO or 
LUMO, despite their homogeneous distribution along the polymer backbone, 
significantly extended onto the pendant carborane groups, although there is some 
delocalisation onto the vinylene groups. This is quite different to results of Zhang and 
co-workers, who reported localisation of the LUMO wavefunction on the side chain 
rather than the backbone when an electron-withdrawing cyanated pendant groups 
were incorporated into the side chain.24 In the present case the main effect of 
carborane seems to be inductive electron withdrawal. The prediction of HOMO 
energy levels by DFT are in reasonable agreement with the experimental trend, with 
the ortho isomer exhibiting a clear increase in ionisation potential compared for the 
other isomers, in both cis and trans geometries. The discrepancy between DFT 
results for cis and trans isomers, in which trans is predicted to demonstrate a larger 
electron withdrawing effect than cis, and the experimental data in which no significant 
differences are observed probably relates to the fact that the polymers are not 
regioregular, and therefore additional steric effects may occur for the trans isomers in 
head-to-head geometries which are not predicted by the model. 
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Figure 4.11. Energy minimised structures of ortho/cis and ortho/trans polymers. 
 
Figure 4.12. Visualised frontier molecular orbitals of ortho/cis and ortho/trans polymers. 
 
4.4.2 Physical Properties 
 
X-ray diffraction (XRD) was used to investigate the solid state morphology of the 
polymers, analysing drop-cast films both as cast and following annealing at 160 °C 
for five minutes. All polymers with a trans vinylene bond showed a weak first order 
reflection corresponding to lamellar (d100) packing, whereas for the cis polymers, a 
comparable reflection was only seen in the presence of ortho-carborane, with no 
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reflections observed for the meta or para analogues (Figure 4.13). The interchain 
stacking distances were calculated from the diffraction angles and are shown in table 
4.6, where it can be seen that inter-chain distances increase from ortho<meta<para. 
The polymer ordering was largely unchanged by annealing, with the low intensities of 
the reflection peaks suggesting a high degree of amorphous character, potentially 
arising from the twisted backbone and non-planar pendant groups. In both the 
pristine and annealed films, it was evident that polymers with a trans-vinylene group 
exhibited greater crystallinity than their cis equivalents, in agreement with the DFT 
models which suggested that trans isomers could obtain a more planar backbone. It 
was also observed that film crystallinity decreased from ortho>meta>para for the cis-
appended polymers. This trend follows the dipole strength of the respective 
carborane isomers, suggesting that interactions of these partial charges may assist 
with polymer ordering.  
 
 
 
 
 
 
 
 
 
Figure 4.13. XRD spectra of all six polymers as pristine films (left) and following thermal 
annealing (right). Offset for clarity. 
 
While it was possible that the bulk of the carborane cage directly led to reduced 
interchain interactions, crystallinity has been observed in analogous polymers with 
equally sizeable alkylthienyl and vinyl styrene pendant groups, although in this case 
a regioregular arrangement of the sidechains was present.29,42 It is further noted that 
both of these side groups can be thought of as two-dimensional and have a 
propensity to pack in conjugation with the backbone for energetic reasons, whereas 
the three-dimensional nature of carborane is clearly different. High amorphous 
character was also observed upon the employment of phenothiazine as a pendant 
group, suggesting that polymer morphology is side-chain dependent.46,32 Therefore it 
could be suggested that the bulky three-dimensional nature of carborane carries a 
greater thermodynamic penalty to rearrangement than flat, planar aromatic pendant 
groups. 
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Table 4.6. XRD Diffraction data of pristine and annealed films. 
Polymer d100 spacing (as cast) d100 spacing (annealed) 
Ortho / Cis 18.01 Å 16.98 Å 
Ortho / Trans 18.39 Å 16.66 Å 
Meta / Cis – – 
Meta / Trans 19.62 Å 18.79 Å 
Para / Cis – – 
Para / Trans 19.62 Å 19.19 Å 
DSC analysis showed no obvious thermal transitions between 0 °C and 300 °C at a 
heating rate of 10 °C min-1, agreeing with the low crystallinity observed by XRD. 
Thermal stability of all six polymers was confirmed by TGA under a nitrogen 
atmosphere, with 5% mass loss temperatures ranging from 330 °C to 400°C (See 
Appendix B.9-11).  
 
4.4.3 Charge Transport Properties 
 
Top gate-bottom contact (TGBC) organic field effect transistors were prepared using 
PFBT treated gold electrodes and a CYTOP dielectric layer. For each device the 
polymer was spin-cast from chlorobenzene solution before heating at 160 °C to 
ensure any residual solvent was evaporated before completion of the device. The 
OFET characteristics of all six polymers are summarised in table 4.7 (see Appendix 
B.12-17 for OFET transfer and output curves). 
 
The low mobilities of all six polymers could be explained by the non-planarity of the 
conjugated backbones reducing π –π stacking interactions between adjacent chains 
and impeding the long range order necessary for charge transport. Furthermore, the 
presence of out-of-plane, bulky carborane units may have further impaired interchain 
ordering, forming interstitial vacant sites which could act as charge traps. It was 
noted that mobilities for the trans polymers were overestimated due to high gate 
leakage, an effect resulting from the poor film-forming ability of these materials. In all 
instances, threshold voltages were rather large and the on:off ratio of these devices 
insufficient for reliable OFET operation. 
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.Table 4.7. TGBC OFET characteristics of all six polymers. 
* Overestimated mobility due to high gate leakage. 
Polymer 
μ sat  
[cm²/Vs]  
VT (V) 
Ion/Ioff  
 
Ortho / Cis 9.6 x 10-5 66 ~10 
Ortho / Trans 1.3 x 10-4* 90 ~10 
Meta / Cis 3.7 x 10-4 50 ~102 
Meta / Trans 5.5 x 10-5* 96 ~10 
Para / Cis 1.4 x 10-4 32 ~102 
Para / Trans 1.3 x 10-4* 37 ~10 
 
4.4.4 Photovoltaic Properties 
 
OPV devices were prepared with a conventional device structure consisting of ITO / 
PEDOT-PSS / Polymer / PCBM / Ca / Al and tested under simulated AM1.5 
illumination. The J-V curves of all six polymers are shown in figure 4.14 with the 
corresponding open-circuit voltages (VOC), short-circuit currents (JSC), fill factors (FF) 
and power conversion efficiencies (PCE) are shown in tables 4.8 and 4.9. 
Unfortunately no devices could be produced from the para/trans polymer due to 
serious dewetting leading to an absence of sufficient quality films. 
 
As shown in table 8, in the cis polymer series, VOC was greater for ortho-carborane 
containing polymers than for meta or para isomers, in agreement with the lower 
HOMO energy level observed when ortho-carborane is present.  Conversely, JSC 
increases from ortho<meta<para carborane, agreeing with the higher charge carrier 
mobilities of meta and para isomers observed during OFET analysis. Low fill factors 
(<0.45) were seen throughout, significantly reducing overall power conversion 
efficiency in all devices. The trends in VOC and JSC observed for the cis-vinylene 
polymers were replicated in the trans-vinylene series, although the degree by which 
VOC decreases and JSC increases from ortho to meta-carborane was larger, an effect 
suspected to arise from improved backbone-carborane communication facilitated by 
the trans-vinylene bond. Fill factors were again low (<0.42), although generally 
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slightly higher than their cis-vinyl counterparts in each instance, agreeing with the 
slightly improved crystallinity identified for trans polymers in XRD analysis.  
 
 
 
 
 
 
 
 
 
 
Figure 4.14. J-V curves of OPV devices with active layer produced from 1:2 
(polymer:PC70BM) blend ratio (left) and 1:4 blend ratio (right) 
 
Table 4.8. OPV properties of all six polymers. Polymer:PCBM blend ratio 1:2. [a] Highest 
performing device reported. Average device performance and sample size shown in 
parentheses. 
Polymer 
Voc  
(V) 
Jsc  
(mA cm-2) 
FF 
 
PCE (%)
a
 
 
Ortho / Cis 0.92 2.28 0.30 0.63 (0.59, 5) 
Ortho / Trans 0.82 2.92 0.37 0.88 (0.86, 3) 
Meta / Cis 0.85 3.11 0.32 0.86 (0.80, 3) 
Meta / Trans 0.56 4.34 0.42 1.01 (0.95, 4) 
Para / Cis 0.85 5.44 0.44 2.03 (1.90, 4) 
Para / Trans - - - - 
 
Attempts to improve device fill factors by modifying polymer:PCBM loading ratios 
were unsuccessful, with no significant enhancements in performance observed. 
However, in devices produced with a 1:4 blend ratio the disparities between cis and 
trans polymer performances are reduced, especially with respect to VOC. While 
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creating a more homogeneous series, increasing PCBM content is counterintuitive 
for the production of low cost solar cells and therefore not a realistic option to 
improve performance. In both blend ratios, the best performing polymer is the para / 
cis derivative, owing to the realisation of a high JSC.  
 
Table 4.9. OPV properties of all six polymers. Polymer:PCBM blend ratio 1:4. [a] Highest 
performing device reported. Average device performance and sample size shown in 
parentheses. 
Polymer 
Voc  
(V) 
Jsc 
(mA cm-2) 
FF 
 
PCE (%)
a
 
 
Ortho / Cis 1.01 3.71 0.32 1.21 (1.15, 3) 
Ortho / Trans 0.98 3.50 0.34 1.16 (1.10, 4) 
Meta / Cis 0.84 3.79 0.37 1.19 (1.14, 4) 
Meta / Trans 0.85 3.50 0.43 1.42 (1.33, 4) 
Para / Cis 0.81 5.81 0.41 1.93 (1.87, 6) 
Para / Trans - - - - 
 
4.5 Conclusions 
  
A novel series of soluble thiophene moieties with carborane pendant groups were 
designed, synthesised and fully characterised. By utilisation of a slightly modified 
version of the Wittig reaction, it was possible to append all three carborane isomers – 
ortho, meta and para – to a thienyl unit via a conjugated vinyl linking group. 
Additionally, both cis and trans vinylene groups were investigated to gain a greater 
understanding of the effects of this group on processing, material and physical 
properties. The six novel monomer units were incorporated into semiconducting 
polymers by palladium catalysed cross-coupling Stille polycondensation with 2,5-
distannylthiophene. In all cases the molecular weight of the polymers was solubility 
limited but still sufficient for investigation in the rest of the study. 
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In the solution state, the absorption of the polymers was observed to be dependent 
on the carborane isomer present, with λmax increasing from ortho<meta<para. The 
loss of this trend upon moving to the solid state suggested the formation of a 
conformation in which communication between the backbone and pendant groups is 
limited. Nevertheless, a clear increase in ionisation potential was observed in thin 
films, which tracked with the electron accepting ability of the carborane. XRD 
analysis showed a small degree of ordering present, the extent of which was a 
function of both carborane isomer and vinyl bond conformation. TGA showed good 
thermal stability of all six novel materials. OFET analysis of trans polymers was 
hindered by the overestimation of mobility due to high gate leakage. However, in the 
cis polymer series a trend of increasing µsat was observed from ortho<meta<para. 
Evaluation in OPV devices showed that the presence of ortho-carborane led to a 
greater VOC whereas para-carborane allowed JSC to be maximised. Overall the best 
performing polymer was para / cis, in both 1:2 and 1:4 blend ratios with PCBM. 
 
Unfortunately, no improvement over traditional alkyl-solubilised polythiophene 
derivatives was observed in either photovoltaic or field-effect-transistor performance. 
However, the vinylene pendant group should not be discounted as a solubilising 
group, especially in a polymer for OLED applications in which amorphous materials 
are desirable. 
 
4.6 Expansion of Series 
 
Optical and computational analysis of the six polymers in the previous study 
suggested that the out-of-plane twisting imparted by the pendant groups did not 
impede electronic delocalisation along the backbone. Physical analysis did, however, 
show that these groups led to the restriction of intermolecular interactions between 
neighbouring polymer chains, hindering the organisation that is commonly agreed to 
be necessary for efficient charge transport in an OFET device.47,48 The isotactic 
arrangement of the pendant groups and their proximity to each other along the 
backbone may have been the cause for these unfavourable steric interactions, 
therefore increasing the spacing between such groups was worthy of investigation. It 
was anticipated that interdigitation of adjacent polymer chains might be improved by 
increasing the distance between pendant carborane groups, enabling tighter packing 
in the solid state and therefore an increase in long-range order. Additionally, by 
polymerisation with a centrosymmetric comonomer unit sequential pendant groups 
could be positioned on opposing sides of the backbone, reducing steric barriers to 
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polymer proximity. The effects of symmetry on pendant orientation can be seen in 
figure 4.15, with the anticipated reduction in interchain distances shown in figure 
4.16. 
 
 
Figure 4.15. Schematic showing different spacing of pendant groups when polymerised with 
monomers of different symmetry. (Axiosymmetric comonomer shown on top, centrosymmetric 
on bottom). 
 
 
 
Figure 4.16. Schematic showing the possible effect of side-chain tacticity on polymer 
interdigitation. 
 
4.6.1 Aims 
 
The aim of this study was to synthesise and evaluate a series of carborane 
containing polymers whose improved inter-pendant spacing and syndiotacticity was 
hoped to improve molecular ordering (Figure 4.17). 2,2’-Bithiophene was identified as 
a suitable comonomer unit, based on literature precedence suggesting its merit as a 
comonomer in highly crystalline conjugated polymers.49,50  
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Figure 4.17. Schematic highlighting differences between first generation polymers (left) and 
second generation polymers (right).  
4.7 Polymer Synthesis 
 
Palladium-catalysed Stille cross-coupling polymerisation of the six dibrominated 
monomers synthesised earlier with 5,5’-distannyl-2,2’-bithiophene afforded the 
polymers shown in figure 4.18. The polymers were precipitated into acidified 
methanol before low molecular weight fractions were removed by sequential Soxhlet 
extractions with methanol, acetone, n-hexane, chloroform and chlorobenzene. 
Palladium residues were removed by chelation with sodium diethyldithiocarbamate 
followed by aqueous extraction. All polymers were afforded as dark red solids. 
 
 
Figure 4.18. Structures of target polymers. 
 
The reduced frequency of pendant groups in this series of polymers had a negative 
effect on the molecular weights observed, principally due to a reduction in solubility 
for the polymer compared to thiophene analogues. In all cases, bithiophene 
copolymers with a cis vinylene pendant group were synthesised in lower molecular 
weight that their thiophene derivatives. For the polymers with the trans vinyl group 
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only insoluble polymers were obtained, with no dissolution observed, even in boiling 
o-DCB. Such insolubility precluded these materials from organic electronic 
applications – in which solution processability is a prerequisite – therefore further 
analysis was abandoned. The solubility of cis vinylene polymers in chlorobenzene 
ensured that this was not an issue, allowing comparisons to be made with the 
previous generation of this polymer family. The molecular weights of the cis polymers 
were recorded in hot (80 °C) chlorobenzene and reported against their poly(styrene) 
equivalents (Table 4.10). 
 
Table 4.10. Molecular weight properties of second-generation polymers. Determined by GPC 
and reported as their polystyrene equivalents. 
Polymer Mn (kDa) Mw (kDa) PDI 
Ortho / Cis 8 10 1.3 
Meta / Cis 9 13 1.4 
Para / Cis 7 10 1.4 
 
4.7.1 Optical Properties and Energy Levels 
 
Optical properties of the three polymers were analysed by UV-vis absorption 
spectroscopy in both dilute chlorobenzene solution and as spin-coated thin films 
(Figure 4.19). As observed in the thiophene copolymers, ortho-carborane induced the 
most hypsochromically shifted solution-state absorption, again suspected to be due 
to the larger ionisation potential of ortho-carborane containing polymers. A slight 
long-wavelength shoulder was observed in all solution-state spectra – the intensity of 
which decreased upon heating – alluding to the presence of aggregated domains. 
The increased intensity of this shoulder relative to the thiophene analogues 
suggested that the propensity for aggregation in solution was improved by the 
incorporation of a bithiophene unit, especially in the presence of meta and para 
carborane isomers. 
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Figure 4.19. UV of second generation polymers in dilute chlorobenzene solution and thin film. 
 
Further similarities with the thiophene copolymers were seen upon moving from 
solution to the solid state. Again, a red-shifted absorption was observed for all 
polymers, along with the formation of a slight long-wavelength shoulder, indicative of 
some degree of molecular ordering. Contrary to the previous study, the trends 
observed in λmax were not lost upon moving to the solid state (Table 4.11), therefore it 
is possible that the increased distances between pendant groups facilitated two-
dimensional planarity in the condensed state, potentially as a result of reduced 
unfavourable intramolecular (inter-pendant) interactions 
 
Table 4.11. Polymer optical properties. [a] Measured in dilute chlorobenzene solution. [b] 
Spin-coated from 5 mg/mL chlorobenzene solution. [c] Determined from the onset of 
absorption in the solid state. 
Polymer λmax sol.
a λmax film.
b Opt Eg.
c 
Ortho / Cis 489 nm 519 nm 1.98 eV 
Meta / Cis 500 nm 529 nm 1.98 eV 
Para / Cis 505 nm 531 nm 1.98 eV 
The optical band gaps were estimated from the onset of absorption in the solid state 
and were comparable to those of both the first generation polymers and carborane-
free polythiophenes. Ionisation potentials were measured by PESA and showed a 
similar trend to the first generation of polymers; with a higher value for ortho-
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carborane than the other two isomers (Table 4.12). Again, this is believed to be due 
to differences in the electron withdrawing capability of the three carborane isomers. 
 
Table 4.12. Polymer Energy Levels. [a] Measured as a thin film by PESA (error ±0.05 eV).[b] 
Determined from PESA calculated HOMO – optical band gap. [c] Determined from onset of 
absorption in the solid state. [d] Calculated in Gaussian09 using the B3LYP/6-31G* basis set. 
Polymer HOMOa LUMOb Eg.
c 
HOMO 
DFTd 
LUMO 
DFTd 
Eg DFTd 
Ortho / 
Cis 
-5.52 -3.54 1.98 -5.06 -2.41 2.65 
Meta / 
Cis 
-5.36 -3.38 1.98 -4.85 -2.21 2.64 
Para / Cis -5.25 -3.27 1.98 -4.83 -2.19 2.64 
DFT-derived optimised structural geometries for nonamers showed that unfavourable 
out-of-plane backbone twisting was reduced by increasing inter-pendant distance 
(Figure 4.20). This was seen in all three polymers but occurs to the greatest extent 
when ortho-carborane is present, in which case the average dihedral angle is 
reduced to <0.1° (See Appendix B.18-21 for meta and para). Both the HOMO and 
LUMO wavefunctions were fully delocalised along the polymer backbone and, as 
seen previously, the HOMO was predominantly aromatic and the LUMO of quinoidal 
nature. 
 
Figure 4.20 Energy minimised structures (left) and visualised frontier molecular orbitals (right) 
of ortho/cis polymer. Calculated in Gaussian09 using the B3LYP/6-31G* basis set. 
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The DFT predicted HOMO energy levels were in reasonable agreement with the 
experimental trend, with the ortho-carborane predicted and observed to have the 
lowest lying HOMO. Upon examination of the optimised structures, it was noted that 
the degree of planarity between the backbone and pendant vinylene bond is greater 
in the ortho isomer than in meta or para, potentially facilitating improved electronic 
communication between the carborane and the polymer backbone. This may be due 
to reduced steric interactions between then β-alkenyl hydrogen and carborane C-H 
hydrogen (DFT-predicted bond length 1.08 Å) in the ortho isomer compared to 
interactions with carborane B-H protons (DFT-predicted bond length 1.19 Å) in the 
meta and para analogues. Lowering the HOMO and LUMO energy levels 
concurrently was anticipated to lead to a greater VOC without an increase in band gap 
and reduction of spectral absorbance, thereby improving OPV performance 
 
4.7.2 Physical Properties 
 
XRD spectroscopy was utilised to investigate the bulk morphology of drop-cast films, 
with measurements taken on the materials both as cast and following annealing at 
160 °C for five minutes (Figure 4.21). Despite the initial promise suggested by UV-Vis 
spectroscopy, no improvements in crystallinity were observed over the thiophene co-
polymer series; the only evidence of order in the pristine films was seen in the ortho / 
cis derivative. Upon annealing this reflection was no longer observed, implying that 
this order was lost during thermal treatment. Note that the peak shown in figure 4.21 
(ortho / cis following annealing) was due to an artefact on the instrument, rather than 
a reflection from the polymer film.  
 
 
 
 
 
 
 
 
 
 
Figure 4.21. XRD spectra of all three polymers, as cast (left) and after annealing  
at 160 °C for 5 minutes (right). Offset for clarity. 
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These results imply that, despite their syndiotactic configuration, the second 
generation of polymers were still prevented from organising into long-range ordered 
structures, perhaps due to the regiorandom nature of the sidechains. The absence of 
notable crystallinity was confirmed by DSC analysis, during which no thermal 
transitions were observed between 0  C and 300 °C. TGA analysis showed all three 
polymers to be thermally stable above 330 °C, agreeing with previous iterations of 
this series (See Appendix B.22-23). 
 
4.7.3 Charge Transport Properties 
 
Top gate-bottom contact organic field effect transistors were prepared using methods 
described earlier, with the resultant characteristics shown in table 4.13. Low 
mobilities and on/off ratios were recorded, mirroring results observed for the first 
generation polymers. A trend in mobilities similar to that observed for previous cis 
polymers was seen, in which the charge transporting abilities of meta and para 
polymers are comparable, with the ortho derivative offering significantly lower 
performance. The poor film forming ability of the para polymer resulted in a mobility 
which was largely overestimated, owing to high gate leakage caused by an 
inhomogeneous film. Output and transfer curves are shown in appendix B24-26. 
 
Table 4.13. TGBC OFET characteristics of all six polymers 
Polymer 
μsat  
[cm²/Vs]  
VT (V) Ion/Ioff  
Ortho / Cis 2.1 x 10-5 74 ~10 
Meta / Cis 1.0 x 10-3 43 ~102 
Para / Cis 1.0 x 10-3 ~70 <10 
 
4.7.4 Photovoltaic Properties 
 
OPV devices were produced according to methods described earlier, enabling 
comparisons between different generations of the polymer system to be drawn. The 
J-V curves of the three polymers are shown in figure 4.22 with the corresponding 
open-circuit voltages (VOC), short-circuit currents (Jsc), fill factors (FF) and power 
conversion efficiencies (PCE) shown in tables 4.14 and 4.15. 
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Figure 4.22. J-V curves of OPV devices with active layer produced from 1:2 (polymer:PCBM) 
blend ratio (left) and 1:4 blend ratio (right). 
 
As seen in the first generation materials, the lower HOMO of ortho-carborane 
containing polymers infers upon them a greater VOC. Trends previously seen in JSC 
values, which increased from ortho < meta < para, were no longer observed; in both 
1:2 and 1:4 blend ratios the highest short-circuit current was exhibited by the meta-
carborane containing polymer, agreeing with trends in mobility observed in OFET 
analysis. As seen previously, low fill factors are observed for all polymers in both 
blend ratios, potentially a result from the very low, or absence of, crystallinity 
observed in XRD analysis. In this instance the meta polymer is the highest 
performing, however no improvements are made over the initial polymer series. 
 
Table 4.14. OPV properties. Polymer:PCBM blend ratio 1:2. [a] Highest performing device 
reported. Average device performance and sample size shown in parentheses. 
Polymer 
Voc  
(V) 
Jsc 
(mA cm-2) 
FF 
 
PCE (%)
a
 
 
Ortho / Cis 0.93 2.25 0.31 0.65 (0.58,3) 
Meta / Cis 0.75 5.30 0.48 1.90 (1.87, 5) 
Para / Cis 0.55 3.77 0.42 0.87 (0.80, 3) 
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Table 4.15. OPV properties. Polymer:PCBM blend ratio 1:4. [a] Highest performing device 
reported. Average device performance and sample size shown in parentheses. 
Polymer 
Voc  
(V) 
Jsc 
(mA cm-2) 
FF 
 
PCE (%)
a
 
 
Ortho / Cis 1.01 3.54 0.33 1.18 (1.12, 4) 
Meta / Cis 0.72 4.95 0.47 1.69 (1.64, 6) 
Para / Cis 0.64 4.73 0.45 1.37 (1.33, 5) 
 
4.8 Conclusions 
 
Three novel conjugated polymers with pendant carborane groups were synthesised 
by Stille polycondensation. The reduced pendant group density led to a reduction in 
solubility compared to the first generation of polymers, with only those containing a 
cis-vinylene linking unit offering the required solubility for characterisation and 
analysis. Again, the isomer of carborane present was found to have an effect on the 
optical absorption and energetics of the polymers. Charge transport ability and 
photovoltaic performance were hindered by the amorphous character of these 
materials, with no improvements seen over the first generation of pendant carborane 
polymers. 
 
This chapter details the first instance of the synthesis and characterisation of a 
pendant carborane group which is linked to the backbone by a conjugated vinylene 
unit and capable of replacing alkyl chains as solubilising components of a 
semiconducting polymer. Six monomer units were synthesised to enable analysis of 
all carborane isomers and both vinyl bond conformations. Copolymerisation with 
either thiophene or bithiophene enabled the realisation of two new polymer series 
whose optical, material and physical properties were fully evaluated. Incorporation 
into OFET and OPV devices showed relatively low performance, although it is 
arguable that further research into device fabrication and processing conditions may 
enable the realisation of improved devices. 
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4.9 Experimental 
 
Organic field effect transistors and photovoltaic devices were fabricated according to 
methods described in chapters two and three. 
 
4.9.1 1-Formyl-ortho-carborane 
Freshly sublimed ortho-carborane (7.5 g, 52 mmol) was dissolved in anhydrous 
diethyl ether (150 mL) and cooled to -78 °C. To this solution was added n-BuLi (1.6 
M in hexanes 36 mL, 57.6 mmol) slowly before the mixture was stirred at -78 °C for 
2.5 hours. Anhydrous methyl formate (12.5 g, 208 mmol) was added to the mixture 
which was then stirred at -78 °C for a further 2 hours. The reaction was quenched by 
the addition of dilute hydrochloric acid (4%, 100 mL) and allowed to warm to room 
temperature overnight. The reaction mixture was poured into water and extracted 
with diethyl ether. The organic layers were combined and washed with saturated 
sodium hydrogen carbonate solution, water and brine before being dried over 
magnesium sulphate and concentrated under reduced pressure. Purification by 
column chromatography (eluent: chloroform) and recrystallisation from hexane 
yielded the product as a white crystalline solid (5.9 g, 34 mmol, 66%). Mp = 204-
207 °C, (lit51  = 208-209 °C).  1H NMR (400 MHz, CDCl3): δ 9.28 (s, 1H), 4.06 (s, 1H), 
3.04-1.63 (m, 10H); 13C {1H } NMR (100 MHz, CDCl3): δ 184.1, 54.1; 
11B {1H} NMR 
(400 MHz, CDCl3) δ 1.68, -8.56, -12.14, -12.68, -13.65. MS (EI): m/z = 172.25 (M
+). 
 
4.9.2 1-Formyl-meta-carborane 
Freshly sublimed meta-carborane (6.0 g, 41.7 mmol) was dissolved in anhydrous 
diethyl ether (100 mL) and cooled to -78 °C. To this solution was added n-BuLi (1.6 
M in hexanes, 28.8 mL, 46.1 mmol) slowly before the reaction mixture was stirred at -
78 °C for 2.5 hours. Anhydrous methyl formate (9g, 149 mmol) was added to the 
mixture which was then stirred at -78 °C for a further 2 hours. The reaction mixture 
was quenched by the addition of dilute hydrochloric acid (4%, 75 mL) and allowed to 
warm to room temperature overnight. The reaction mixture was poured into water 
and extracted with diethyl ether. The organic layers were combined and washed with 
saturated sodium hydrogen carbonate solution, water and brine before being dried 
over magnesium sulphate and concentrated under reduced pressure. Purification by 
column chromatography (eluent: chloroform) and recrystallisation from hexane 
yielded the product as a white crystalline solid (3.98 g, 23.1 mmol, 55%). Mp = 205-
209 °C, (lit51 = 213-214 °C). 1H NMR (400 MHz, CDCl3): δ 9.04 (s, 1H), 3.08 (s, 1H), 
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2.91-2.20 (m, 10 H); 13C {1H } NMR (100 MHz, CDCl3): δ 185.5, 55.5; 
11B {1H} NMR 
(400 MHz, CDCl3) -6.29, -10.29, -12.63, -16.32. MS (EI): m/z = 172.29 (M
+). 
 
4.9.3 1-Formyl-para-carborane 
Freshly sublimed para-carborane (1.56 g, 10.8 mmol) was dissolved in anhydrous 
diethyl ether (10 mL) and cooled to -78 °C. To this solution was added n-BuLi (1.6 M 
in hexanes, 7.4 mL, 11.9 mmol) slowly before the reaction mixture was stirred at -
78 °C for 2.5 hours. Anhydrous methyl formate (2.7 g, 44 mmol) was added to the 
mixture which was then stirred at -78 °C for a further 2 hours. The reaction mixture 
was quenched by the addition of dilute hydrochloric acid (4%, 15 mL) and allowed to 
warm to room temperature overnight. The reaction mixture was poured into water 
and extracted with diethyl ether. The organic layers were combined and washed with 
saturated sodium hydrogen carbonate solution, water and brine before being dried 
over magnesium sulphate and concentrated under reduced pressure. Purification by 
column chromatography (eluent: chloroform) and recrystallisation from hexane 
yielded the product as a white crystalline solid (1.52 g, 8.8 mmol, 82%). Mp = 202-
207 °C, (lit1 = 208.5 – 210 °C)  1H NMR (400 MHz, CDCl3): δ 8.75 ppm (s, 1H), 2.89 
ppm (s, 1H), 2.34 ppm (s, 5H), 2.29 ppm (s, 5H); 13C {1H } NMR (100 MHz, CDCl3): δ 
185.8, 63.2; 11B {1H} NMR (400 MHz, CDCl3) -14.56, -14.76. MS (EI): m/z = 172.20 
(M+). 
 
4.9.4 3-Bromomethyl-thiophene 
3-(Hydroxymethyl)thiophene (20 g, 175 mmol) was dissolved in anhydrous 
dichloromethane (500 mL) before phosphorous tribromide (95 g, 350 mmol) was 
added and the resulting mixture was stirred at room temperature for 16 hours. The 
reaction mixture was poured into saturated sodium thiosulphate solution and the 
organic layer was removed, washed with water and brine and dried over magnesium 
sulphate to yield a pale yellow oil (30.5 g, 171 mmol, 98%). 1H NMR (400 MHz, 
CDCl3): δ 7.32 (dd, J = 1.4 Hz, 5.5 Hz, 1H), 7.29 (dd, J = 1.4 Hz, 5.5 Hz 1H), 7.15 
(dd, J = 1.4 Hz, 5.5 Hz, 1H), 4.52 (s, 2H); 13C {1H } NMR (100 MHz, CDCl3): δ 138.2, 
128.2, 126.8, 124.4, 27.5. MS (EI, GC-MS): m/z = 177.08 (M+). 
 
4.9.5 [3-(Thienyl)methyl]-triphenylphosphonium bromide 
3-Bromomethyl-thiophene (25 g, 141 mmol) and triphenylphosphine (74 g, 282 
mmol) were dissolved in anhydrous hexane (600 mL) and stirred at 70 °C for 6 days. 
After being allowed to cool to room temperature the mixture was filtered and the 
precipitate was washed thoroughly with hexanes to yield a white solid (56.1 g, 127.7 
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mmol, 91%). Mp > 300 °C. 1H NMR (400 MHz, CDCl3): δ 7.80-7.62 (m, 15H), 7.35 
(dd, J = 5.2 Hz, 1.4 Hz, 1H), 7.14 (dd, J = 5.2 Hz, 1.4 Hz, 1H), 6.70 (dd, J = 5.2 Hz, 
1.4 Hz, 1H), 5.57, (d, J = 13.7 Hz, 2H); 13C {1H } NMR (100 MHz, CDCl3): δ 135.0, 
134.4, , 130.1, 128.0, 126.3, 117.5, 116.6, 115.1, 112.2; 31P {1H } NMR (400 MHz, 
CDCl3): mp > 300 °C. δ 21.98. MS (EI) m/z = 439.33 (M
+) 
 
4.9.6 3-vinyl-o-carborane-thiophene (cis (4.6a) and trans (4.6b)) 
3-(Methyl-thienyl)-triphenylphosphonium bromide (8.1 g, 18.5 mmol) was suspended 
in anhydrous THF (700 mL) before potassium t-butoxide (1.0 M in THF, 20.5 mL, 
20.5 mmol) was added dropwise, the resulting mixture was stirred at room 
temperature for 1 hour. To this was added a solution of 1-formyl-ortho-carborane (3.5 
g (20.3 mmol) in anhydrous THF (50 mL)) before the mixture was heated at reflux for 
3 hours. The solution was allowed to cool to room temperature and stirred for 16 
hours before being quenched with dilute hydrochloric acid (10%, 100 mL). The 
mixture was washed with water and brine before the organic layers were dried over 
magnesium sulphate and concentrated under reduced pressure. Purification by 
column chromatography over silica (eluent:hexane) yielded the cis-isomer as a white 
solid (1.11 g, 4.4 mmol, 24%) and the trans isomer as a white solid (1.47 g, 5.8 
mmol, 32%). 4.6a. Mp = 65-69 °C. 1H NMR (400 MHz, CDCl3): δ 7.39 (dd, JHH = 4.9, 
2.9 Hz, 1H), 7.13 (d, JHH = 2.9, 1.4 Hz,  1H), 6.93 (dd, JHH = 4.9, 1.4 Hz,   1H), 6.53 
(d, JHH = 12.2 Hz,   1H), 5.85 (d, JHH = 12.2 Hz, 1H), 3.44 (s, 1H), 2.37-2.00 (m, 10H); 
13C {1H } NMR (100 MHz, CDCl3): δ 129.1, 127.7, 127.5, 127.4, 126.9, 123.6, 58.2. 
MS (EI, GC-MS): m/z = 252.40 (M+). 4.6b. Mp = 82-86 °C. 1H NMR (400 MHz, 
CDCl3): δ 7.30 (m, 2H), 7.13 (dd, JHH = 4.7, 1.6 Hz,    1H), 6.87 (d, JHH = 15.6 Hz, 
1H), 6.13 (d, JHH = 15.6 Hz 1H), 3.69 (s, 1H), 2.49-2.12 (m, 10H); 
13C {1H } NMR (100 
MHz, CDCl3): δ 136.8, 131.8, 127.1, 125.8, 124.4, 122.2, 61.1, 54.4. MS (EI, GC-
MS): m/z = 252.43 (M+). 
 
4.9.7 3-(Bromomethyl)-2,5-dibromothiophene 
2,5-Dibromo-3-methylthiophene (25 g, 98 mmol) was dissolved in carbon 
tetrachloride (200 mL) before N-bromosuccinimide (17.4 g, 98 mmol) and benzoyl 
peroxide (20 mg, 0.1 mmol) were added. The resulting mixture was shielded from 
light and heated to reflux for 3 hours. After cooling to room temperature the reaction 
was filtered. The filtrate was washed with water, saturated sodium hydrogen 
carbonate solution and brine, dried (MgSO4), filtered and concentrated under 
reduced pressure. The resulting oil was distilled (115 °C at 0.5 mbar) to afford the 
product as a colourless oil (23.2 g, 69.3 mmol, 71%).1H NMR (400 MHz, CDCl3): δ 
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7.00 (s, 1H), 4.66 (s, 2H); 13C {1H } NMR (100 MHz, CDCl3): δ 141.9, 134.6, 115.5, 
112.1, 20.9. MS (EI, GC-MS): m/z = 334.80 (M+). 
 
4.9.8 3-(Methyl-2,5-dibromothienyl)-triphenylphosphonium bromide 
3-(Bromomethyl)-2,5-dibromothiophene (23.15 g, 69 mmol) and triphenylphosphine 
(36.4 g, 138 mmol) were dissolved in anhydrous hexane (1000 mL) and stirred at 
70 °C for 6 days. After being allowed to cool to room temperature the mixture was 
filtered and the precipitate was washed thoroughly with hexanes to yield a white solid 
(28.2 g, 47.2 mmol, 68%). Mp > 300 °C. 1H NMR (400 MHz, CDCl3): δ 7.85-7.65 (m, 
15H), 6.94 (s, 1H), 5.62 (d, J = 13.9 Hz, 2H); 13C {1H } NMR (100 MHz, CDCl3): δ 
135.3, 134.3, 131.9, 130.3, 128.0, 117.8, 117.0, 115.0, 112.4; 31P {1H } NMR (400 
MHz, CDCl3): δ 21.67. MS (EI) m/z = 597.13 (M
+) 
 
4.9.9 3-Vinyl-o-carborane-2,5-dibromothiophene (cis (4.9a) and trans (4.9b)) 
3-(Methyl-2,5-dibromothienyl)-triphenylphosphonium bromide (3.2 g, 5.3 mmol) was 
suspended in anhydrous THF (300 mL) before potassium t-butoxide (1.0 M in THF, 
5.8 mL, 5.8 mmol) was added dropwise. The resulting mixture was stirred at room 
temperature for 1 hour before a solution of 1-formyl-ortho-carborane (1.0 g (5.8 
mmol) in anhydrous THF (10 mL)) was added, and the resulting mixture heated to 
reflux for 3 hours. The solution was allowed to cool to room temperature and stirred 
for 16 hours before being quenched with dilute hydrochloric acid (10%, 100 mL). The 
mixture was washed with water and brine before the organic layers were dried over 
magnesium sulphate and concentrated under reduced pressure. Purification by 
column chromatography (eluent:hexane) yielded the cis-isomer as a white solid 
(930.0 mg, 2.3 mmol, 43%) and the trans isomer as a white solid (130.5 mg, 0.32 
mmol, 6%). Excess cis-product (400 mg, 0.98 mmol) could be converted 
quantitatively to the trans isomer by UV irradiation (365 nm, 100 W) for 3 hours in 
chloroform (5 mL) in a quartz cuvette, with final purification by column 
chromatography on silica (eluent: hexane). 4.9a. Mp = 52-55 °C. 1H NMR (400 MHz, 
CDCl3): δ 6.80 (s, 1H), 6.22 (d, J = 12.2 Hz 1H), 5.93 (d, J = 12.2 Hz 1H), 3.59 (s, 
1H), 2.38-2.10 (m, 10H); 13C {1H } NMR (100 MHz, CDCl3): δ 135.1, 130.8, 129.6, 
127.5, 112.3, 110.7, 63.3, 58.8; 11B {1H} NMR (400 MHz, CDCl3) -2.06, -3.78, -9.16, -
11.13, -12.96. MS (EI, GC-MS): m/z = 410.44 (M+). Elemental analysis: calculated for 
C8H14B10Br2S2, C, 23.43; H, 3.44; found: C 23.51; H 3.31. 4.9b. Mp = 116-120 °C. 
1H 
NMR (400 MHz, CDCl3): δ 6.98 (s, 1H), 6.76 (d, J = 15.7 Hz, 1H), 6.12 (d, J = 15.7 
Hz, 1H), 3.70 (s, 1H), 2.47-2.23 (m, 10H); 13C {1H } NMR (100 MHz, CDCl3): δ 136.0, 
128.8, 126.9, 125.0, 113.8, 112.9, 73.4, 60.8; 11B {1H} NMR (400 MHz, CDCl3) -1.84, 
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-4.75, -9.06, -11.00, -11.79, -12.80. MS (EI, GC-MS): m/z = 410.37 (M+). Elemental 
analysis: calculated for C8H14B10Br2S2, C, 23.43; H, 3.44; found: C 23.54; H 3.34 
 
4.9.10. 3-Vinyl-m-carborane-2,5-dibromothiophene (cis (4.10a) and trans 
(4.10b)) 
3-(Methyl-2,5-dibromothienyl)-triphenylphosphonium bromide (3.0 g, 5.0 mmol) was 
suspended in anhydrous THF (300 mL) before potassium t-butoxide (1.0 M in THF, 
5.0 mL, 5.0 mmol) was added dropwise. The resulting mixture was stirred at room 
temperature for 1 hour before a solution of 1-formyl-meta-carborane (760 mg in 
anhydrous THF (10 mL)) was added, and the mixture was heated at reflux for 3 
hours. The solution was allowed to cool to room temperature and stirred for 16 hours 
before being quenched with dilute hydrochloric acid (10%, 100 mL). The mixture was 
washed with water and brine before the organic layers were dried over magnesium 
sulphate and concentrated under reduced pressure. Purification by reverse-phase 
column chromatography on RP18 (eluent: acetonitrile) yielded the cis-isomer as a 
white solid (1.10 g, 2.7 mmol, 55%) and the trans isomer as a white solid (975 mg, 
2.37 mmol, 43%). 4.10a. Mp = 49-54 °C. 1H NMR (400 MHz, CDCl3): δ 6.79 (s, 1H), 
6.03 (d, J = 12.0 Hz, 2H), 5.73 (d, J = 12.0 Hz, 1H), 3.33 (s, 1H), 2.66-2.06 (m, 10H); 
13C {1H } NMR (100 MHz, CDCl3): δ 131.7, 131.2, 126.0, 110.8; 
11B {1H} NMR (400 
MHz, CDCl3) δ -6.31, -10.31, -13.44, - 14.89, -16. 84. MS (EI, GC-MS): m/z = 410.31 
(M+). Elemental analysis: calculated for C8H14B10Br2S2, C, 23.43; H, 3.44; found: C 
23.52; H 3.42 4.10b. Mp = 129-134 °C. 1H NMR (400 MHz, CDCl3): δ 6.95 (s, 1H), 
6.53 (d, J = 15.6 Hz, 2H), 5.98 (d, J = 15.6 Hz, 2H), 3.29 (s, 1H), 2.89-2.13 (m, 10H); 
13C {1H } NMR (100 MHz, CDCl3): δ 136.9, 127.4, 127.1, 126.0, 112.3, 112.1, 61.7, 
58.8; 11B {1H} NMR (400 MHz, CDCl3) -5.50, -8.08, -10.38, -12.77. MS (EI, GC-MS): 
m/z = 410.41 (M+). Elemental analysis: calculated for C8H14B10Br2S2, C, 23.43; H, 
3.44; found: C 23.54; H 3.55. 
 
4.9.11. 3-Vinyl-p-carborane-2,5-dibromothiophene (cis (4.11a) and trans (4.11b)) 
3-(Methyl-2,5-dibromothienyl)-triphenylphosphonium bromide (4.6 g, 7.7 mmol) was 
suspended in anhydrous THF (300 mL) before potassium t-butoxide (1.0 M in THF, 
7.7 mL, 7.7 mmol) was added dropwise. The resulting mixture was stirred at room 
temperature for 1 hour. To this was added a solution of 1-formyl-para-carborane (1.2 
g in anhydrous THF (10 mL)) before the mixture was heated at reflux for 3 hours. The 
solution was allowed to cool to room temperature and stirred for 16 hours before 
being quenched with dilute hydrochloric acid (10%, 140 mL). The mixture was 
washed with water and brine before the organic layers were dried over magnesium 
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sulphate and concentrated under reduced pressure. Purification by reverse-phase 
column chromatography on RP18 (eluent: acetonitrile) yielded the cis-isomer as a 
white solid (940 mg, 2.3 mmol, 33%) and the trans isomer as a white solid (600 mg, 
1.5 mmol, 21%). 4.11a. Mp = 51-55 °C. 1H NMR (400 MHz, CDCl3): δ 6.71 (s, 1H), 
5.83 (d, J = 12.0 Hz, 1H), 5.45 (d, J = 12.0 Hz, 1H), 2.90-1.55 (m, 11H); 13C {1H } 
NMR (100 MHz, CDCl3): δ 136.2, 132. 8, 131.8, 124.7, 110.6, 110.5, 60.7; 
11B {1H} 
NMR (400 MHz, CDCl3) -12.32, -15.04. MS (EI, GC-MS): m/z = 410.47 (M
+). 
Elemental analysis: calculated for C8H14B10Br2S2, C, 23.43; H, 3.44; found: C 23.34; 
H 3.34 4.11b. Mp = 145-149 °C. 1H NMR (400 MHz, CDCl3): δ 6.86 (s, 1H), 6.27 (d, J 
= 16.0 Hz 2H), 5.71 (d, J = 16.0 Hz 2H), 3.01-1.61 (m, 11H); 13C {1H } NMR (100 
MHz, CDCl3): δ 137.0, 129.3, 127.1, 124.6, 112.1, 111.9, 59.1; 
11B {1H} NMR (400 
MHz, CDCl3) -12.64, -15.20. MS (EI, GC-MS): m/z = 410.42 (M
+). Elemental analysis: 
calculated for C8H14B10Br2S2, C, 23.43; H, 3.44; found: C 23.36; H 3.34 
 
General Polymerisation Procedure A 
A clean, dry microwave vial was charged with 2,5-bis-(trimethylstannyl)thiophene 
(299.7 mg, 0.73 mmol), 1.0 eq. of dibrominated monomer, 2 mol% 
tris(dibenzyideneacetone)dipalladium (0) and 8 mol% of tri(o-tolyl) phosphine. The 
vial was sealed before anhydrous chlorobenzene (1.5 mL) was added. The resulting 
solution was degassed with argon for 45 minutes before heating in the microwave 
reactor: 100 °C for 5 minutes, 140 °C for 5 minutes, 180 °C for 5 minutes and finally 
200 °C for 30 minutes. The mixture was allowed to cool to room temperature  and the 
crude polymer was precipitated in acidified methanol and further purified by Soxhlet 
extractions with methanol (24 hours), acetone (24 hours), n-hexane (24 hours) 
chloroform (24 hours) and chlorobenzene (24 hours). Remaining palladium residues 
were removed by treating a polymeric chlorobenzene solution with an aqueous 
sodium diethyldithiocarbamate solution for 3 hours and 50 °C with vigorous stirring. 
The organic phase was separated from the aqueous phase and washed several 
times with water. The polymer solution was concentrated under reduced pressure 
and precipitated into methanol. The resulting precipitate was washed with acetone 
and dried under high vacuum for 24 hours. 
 
General Polymerisation Procedure B 
A clean, dry microwave vial was charged with 5,5’-bis-(trimethylstannyl)-2,2’-
bithiophene (359.6 mg, 0.73 mmol), 1.0 eq. of dibrominated monomer, 2 mol% 
tris(dibenzyideneacetone)dipalladium (0) and 8 mol% of tri(o-tolyl) phosphine. The 
vial was sealed before anhydrous chlorobenzene (1.5 mL) was added. The resulting 
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solution was degassed with argon for 45 minutes before heating in the microwave 
reactor: 100 °C for 5 minutes, 140 °C for 5 minutes, 180 °C for 5 minutes and finally 
200 °C for 30 minutes. The mixture was allowed to cool to room temperature  and the 
crude polymer was precipitated in acidified methanol and further purified by Soxhlet 
extractions with methanol (24 hours), acetone (24 hours), n-hexane (24 hours) 
chloroform (24 hours) and chlorobenzene (24 hours). Remaining palladium residues 
were removed by treating a polymeric chlorobenzene solution with an aqueous 
sodium diethyldithiocarbamate solution for 3 hours and 50 °C with vigorous stirring. 
The organic phase was separated from the aqueous phase and washed several 
times with water. The polymer solution was concentrated under reduced pressure 
and precipitated into methanol. The resulting precipitate was washed with acetone 
and dried under high vacuum for 24 hours. 
 
First Generation Polymers 
 
4.9.12 ortho/cis 
Polymerisation A. Dark-red solid (127 mg, 0.38 mmol, 52 %) Mn = 17 kg mol
-1, Mw = 
22 kg mol-1, PDI = 1.3. Elemental analysis: calculated for C14H16B10S2, C, 43.35; H, 
4.85; found: C 43.44; H 4.76. 
 
4.9.13 ortho/trans 
Polymerisation A. Dark-red solid (144 mg, 0.42 mmol, 59 %) Mn = 15 kg mol
-1, Mw = 
21 kg mol-1, PDI = 1.4. Elemental analysis: calculated for C14H16B10S2, C, 43.35; H, 
4.85; found: C 43.24; H 4.89. 
 
4.9.14 meta/cis 
Polymerisation A. Dark-red solid (155 mg, 0.44 mmol, 60 %) Mn = 18 kg mol
-1, Mw = 
27 kg mol-1, PDI = 1.5. Elemental analysis: calculated for C14H16B10S2, C, 43.35; H, 
4.85; found: C 43.54; H 4.79. 
 
4.9.15 meta/trans 
Polymerisation A. Dark-red solid (98 mg, 0.29 mmol, 40 %) Mn = 12 kg mol
-1, Mw = 19 
kg mol-1, PDI = 1.6. Elemental analysis: calculated for C14H16B10S2, C, 43.35; H, 4.85; 
found: C 43.49; H 4.92. 
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4.9.16 para/cis 
Polymerisation A. Dark-red solid (131 mg, 0.39 mmol, 54 %) Mn = 17 kg mol
-1, Mw = 
20 kg mol-1, PDI = 1.2. Elemental analysis: calculated for C14H16B10S2, C, 43.35; H, 
4.85; found: C 42.51; H 3.39. 
 
4.9.17 para/trans 
Polymerisation A. Dark-red solid (65 mg, 0.19 mmol, 27 %) Mn = 12 kg mol
-1, Mw = 20 
kg mol-1, PDI = 1.7. Elemental analysis: calculated for C14H16B10S2, C, 43.35; H, 4.85; 
found: C 43.30; H 4.76. 
 
Second Generation Polymers 
 
4.9.18 ortho/cis 
Polymerisation B. Dark-red solid (79 mg, 0.19 mmol, 26 %), Mn = 11 kg mol
-1, Mw = 
15 kg mol-1, PDI = 1.4. Elemental analysis: calculated for C16H18B10S3, C, 46.35; H, 
4.38; found: C 46.28; H 4.33. 
 
4.9.19 meta/cis 
Polymerisation B. Dark-red solid (62 mg, 0.15 mmol, 21 %), Mn = 10 kg mol
-1, Mw = 
14 kg mol-1, PDI = 1.4. Elemental analysis: calculated for C16H18B10S3, C, 46.35; H, 
4.38; found: C 46.25; H 4.26. 
 
4.9.20 para/cis 
Polymerisation B. Dark-red solid (50 mg, 0.12 mmol, 17 %), Mn = 11 kg mol
-1, Mw = 
15 kg mol-1, PDI = 1.4. Elemental analysis: calculated for C16H18B10S3, C, 46.35; H, 
4.38; found: C 46.43; H 4.50. 
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Chapter Five 
 
Conclusions and Outlook 
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The first part of this thesis focused on the incorporation of benzocarborane, a known 
carborane-containing species, into a range of conjugated polymer backbones. 
Despite numerous literature reports on the properties of benzocarborane, no studies 
had been undertaken to assess its candidacy as a component of field effect 
transistors. Once synthesised following literature methods, the 1,4-difunctionalisation 
of benzocarborane was attempted by a number of routes. Dilithiation was found to be 
the most effective method, with products isolated in high yields following the 
optimisation of reaction conditions. Initial functionalisation of benzocarborane with 
boronic ester groups led to low molecular weight species that were unsuitable for 
optoelectronic applications, despite significant optimisation of Suzuki coupling 
conditions. The next approach involved the synthesis and characterisation of 1,4-
dibromobenzocarborane, which was synthesised via a dilithiated intermediate to 
circumvent issues arising from the preferential electrophilic addition of bromine to the 
benzocarborane ring. Unfortunately issues relating to monomer stability rendered this 
species unsuitable for polymerisation, necessitating the synthesis of 1,4-
di(tributylstannyl)benzocarborane, a monomer unit that was suitable for Stille 
copolymerisation (Figure 5.1) 
 
 
Figure 5.1. Structures of (from left to right): benzocarborane, bis-1,4-(pinacol)-boronic acid-
benzocarborane, 1,4-dibromobenzocarborane and bis-1,4-(tributylstannyl)benzocarborane. 
 
Following copolymerisation with cyclopentadithiophene, it was observed that 
benzocarborane did not act as a strong electron withdrawing unit and that the 
character of benzocarborane was more akin to that of a diene than that of an 
aromatic unit. DFT calculations showed undesirable out-of-plane twisting of the 
backbone, caused by steric interactions between benzocarborane protons and α-
protons on neighbouring monomers. Additionally, it was observed that the presence 
of benzocarborane did not impede π-conjugation along the polymer backbone, 
although the carborane cage did not form part of the delocalised system. A charge 
carrier mobility of 1.7 x 10-5 cm2 V-1 s-1 was recorded, representing the first instance 
of a functioning OFET with a benzocarborane containing conjugated polymer as the 
active layer. Copolymerisation with DPP led to a system with improved crystallinity 
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and ambipolar transistor characteristics, although an absence of HOMO and LUMO 
delocalisation onto the carborane cage was again observed. 
 
Figure 5.2. Structures of pBZ-CDT (left) and pBZ-DPP (right). 
 
The benzocarborane series was expanded by the synthesis and copolymerisation of 
BZTT, a derivative of benzocarborane with two thienyl units fused to the 
benzocarborane ring system, in which reduced steric interactions with neigbouring 
monomer units enabled backbone planarity to be increased. P-type charge 
transporting behaviour was observed following copolymerisation with CDT, although 
a mobility of 5 x 10-7 cm2 V-1 s-1 was recorded. This decrease in performance over the 
first generation polymers could be explained by the different conformations of the 
polymer backbones. The DPP copolymer exhibited aggregation in the solution state 
and a significant degree of lamellar order, enabling a hole mobility of 1 x 10-3 cm2 V-1 
s-1 and electron mobility of 1 x 10-4 cm2 V-1 s-1 to be realised. Future work on this 
project could include the base-induced deborylation of ortho-carborane to yield 
charged, nido-carborane units. Imparting charged groups onto the polymer is a 
prospective means of increasing the dielectric constant of the material, thereby 
shielding the attraction between components of a photogenerated exciton and 
potentially offering high performance as a component of OPV devices. 
 
Figure 5.3. Structures of pBZTT-CDT (left) and pBZTT-DPP (right). 
 
The second part of thesis focused on the incorporation of para-carborane onto BDT, 
a comonomer commonly used as part of high performing transistor and photovoltaic 
devices. A novel method of carborane C-arylation was developed, enabling synthesis 
of the desired monomer unit in addition to finding potential uses in other work. 
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Through optimisation of reaction conditions it was possible to obtain yields 
comparable to those reported in the literature for carborane-free analogues. Stille 
copolymerisation with DPP yielded a polymer with lower HOMO and LUMO levels 
and a smaller band gap than carborane-free equivalents reported in the literature. In 
agreement with results seen in the previous study, no frontier wavefunction 
delocalisation onto the carborane cage was observed, suggesting its electronic 
effects were inductive only. As the active layer in a TGBC OFET, the saturated hole 
mobility of pCBBDT-DPP was measured as 2.3 x 10-2 cm2 V-1 s-1, a significant 
improvement on previously reported thienyl and phenyl alternatives. Single layer 
solar cells were fabricated, with a PCE of 1.21% observed, a value which could be 
increased to 1.45% by the utilisation of DIO as a cosolvent. 
 
Figure 5.4. Structures of pCBBDT-DPP (left), and pCBBDT-TTBT(F) (right). 
 
Further insight into the effects of para-carborane on the properties of BDT 
copolymers was gained by copolymerisation with TTBT and TTBTF, 
benzothiadiazole derivatives known to exhibit high performance in OFET and OPV 
devices. Again, there was no observed contribution from the carborane cage on the 
HOMO and LUMO orbitals, however they were able to delocalise along the length of 
the polymer backbone in both non-fluorinated and fluorinated instances. Lamellar 
order was observed for both polymers, the degree of which was increased following 
thermal annealing, with pCBBDT-TTBTF exhibiting greater crystallinity than its non-
fluorinated counterpart. TGBC OFET devices were fabricated and p-type charge 
transporting behaviour was observed for both materials. Saturated hole mobilities of 
9.3 x 10-2 cm2 V-1 s-1 and 2.7 x 10-2 cm2 V-1 s-1 were measured for  pCBBDT-TTBT 
and pCBBDT-TTBTF, respectively; both representing improvements over mobilities 
observed for carborane-free equivalents reported in the literature. pCBBDT-TTBT 
also offered promising solar cell performance with a PCE of 5.07% recorded. Future 
work on this project could include a study into processing additives in an attempt to 
improve solar cell morphology and therefore performance. Additives currently in use 
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have been developed using wholly aromatic systems, and may therefore be 
unsuitable for polymers containing bulky, three-dimensional carborane cages. It is 
likely that the crystallisation behaviour of carborane containing conjugated polymers 
is different to existing materials, therefore the development of tailored processing 
additives would be worthy of study. 
 
The final part of this thesis focused on the synthesis and characterisation of a series 
of novel thiophene monomer units with vinyl-carborane pendant groups. Six different 
monomer units were copolymerised with thiophene to afford a range of polymers 
differentiated by the carborane isomer present and the stereochemistry of the 
vinylene bond connecting the carborane cage to the backbone (Figure 5.5). In the 
solution state, it was observed that the ionisation potential of the polymer could be 
controlled by selection of different carborane isomers, with ortho-carborane leading 
to the highest value. Evidence of aggregation was also noted, suggesting that the 
presence of bulky carborane cages may not impede intermolecular organisation. In 
agreement with other polymers in this work, no significant delocalisation of the 
frontier orbitals onto the carborane cage was observed. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5. Structures of the six polymers investigated in this study. 
 
P-type charge transporting behaviour was observed for all polymers, although 
mobilities were low. This could be explained by the non-planar backbones impeding 
the long-range order necessary for charge transport and the likely presence of 
interstitial charge trapping sites. OPV performance improved from ortho<meta<para 
carborane, with the para/cis polymer exhibiting a PCE of 2.03%. This series was 
expanded by copolymerising the carborane containing monomers with bithiophene, 
yielding a series of syndiotactic polymers with increased spacing between pendant 
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groups, features anticipated to improve intermolecular organisation. A reduction in 
solubility was noted for the second generation of polymers, rendering only those with 
a cis-vinylene group soluble in chlorobenzene. Despite increases in backbone 
planarity, OFET and OPV characteristics comparable to those of the first generation 
poolymers were observed. All polymers synthesised in this study were regiorandom, 
therefore it would be interesting to follow up this study with the analysis of 
regioregular head-to-tail polymers to establish whether performance increases 
observed in regioregular P3HT are mirrored in this series. 
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B.1 DFT-derived optimised geometries for meta / cis first generation polymer. Side-
on (top) and top-down (bottom) views shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B.2 DFT-derived optimised geometries for meta / trans first generation polymer. 
Side-on (top) and top-down (bottom) views 
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B.3 DFT-derived optimised geometries for para / cis first generation polymer. Side-on 
(top) and top-down (bottom) views 
 
 
 
 
 
 
 
 
 
 
 
B.4 DFT-derived optimised geometries for para / trans first generation polymer. Side-
on (top) and top-down (bottom) views 
 
 
 
 
 
 
 
B.5 Visualised frontier molecular orbitals for meta / cis first generation polymer. 
HOMO (left) and LUMO (right). 
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B.6 Visualised frontier molecular orbitals for meta / trans first generation polymer. 
HOMO (left) and LUMO (right). 
 
 
 
 
 
 
 
 
 
B.7 Visualised frontier molecular orbitals for para/ cis first generation polymer. 
HOMO (left) and LUMO (right). 
 
 
 
 
 
 
 
 
 
 
B.8 Visualised frontier molecular orbitals for para/ trans first generation polymer. 
HOMO (left) and LUMO (right). 
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B.9. TGA traces of ortho / cis (left) and ortho / trans (right) first generation polymers. 
Recorded under N2 atmosphere with a heating rate of 10 °C / min. 
 
 
 
 
 
 
 
 
 
 
B.10. TGA traces of meta / cis (left) and meta / trans (right) first generation polymers. 
Recorded under N2 atmosphere with a heating rate of 10 °C / min. 
 
 
 
 
 
 
 
 
 
 
B.11. TGA traces of para / cis (left) and para / trans (right) first generation polymers. 
Recorded under N2 atmosphere with a heating rate of 10 °C / min. 
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B.12. Output (left) and transfer (right) characteristics of ortho / cis first generation 
polymer 
 
 
 
 
 
 
 
 
 
 
B.13. Output (left) and transfer (right) characteristics of ortho / trans first generation 
polymer 
 
 
 
 
 
 
 
 
 
 
B.14. Output (left) and transfer (right) characteristics of meta / cis first generation 
polymer 
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B.15. Output (left) and transfer (right) characteristics of meta / trans first generation 
polymer 
 
 
 
 
 
 
 
 
 
B.16. Output (left) and transfer (right) characteristics of para / cis first generation 
polymer 
 
 
 
 
 
 
 
 
 
 
B.17. Output (left) and transfer (right) characteristics of para / trans first generation 
polymer 
 
 
0 -50 -100 -150
0.010
0.005
0.000
-0.005
-0.010
-0.015
V
G
 = 0 V
V
G
 = -30 V
I D
 /
 
A
V
D
 / V
V
G
 = -150 V
-150 -100 -50 0
1E-9
1E-8
0.05
0.10
0.15
I D
 /
 A
V
G
 / V
 V
D
 = -150 V
 
 
I D
 s
a
t1
/2
 /
 1
0
3
A
1
/2
0 -50 -100 -150
0.00
-0.01
-0.02
-0.03
-0.04
V
G
 = -30 V
V
G
 = 0 V
I D
 /
 
A
V
D
 / V
V
G
 = -150 V
-150 -100 -50 0
1E-9
1E-8
0.00
0.05
0.10
0.15
0.20
I D
 /
 A
V
G
 / V
 V
D
 = -150 V
 
 
I D
 s
a
t1
/2
 /
 1
0
3
A
1
/2
0 -20 -40 -60 -80 -100 -120 -140
0.06
0.04
0.02
0.00
-0.02
V
G
 = 0 V
V
G
 = -30 V
I D
 /
 
A
V
D
 / V
V
G
 = -150 V
-150 -100 -50 0
1E-9
1E-8
0.00
0.05
0.10
I D
 /
 A
V
G
 / V
 V
D
 = -150 V
 
 
I D
 s
a
t1
/2
 /
 1
0
3
A
1
/2
 209 
 
 
 
 
 
 
 
 
 
 
 
 
 
B.18 DFT-derived optimised geometries for meta / cis second generation polymer. 
Side-on (top) and top-down (bottom) views shown 
 
 
 
 
 
 
 
 
 
 
B.19. DFT-derived optimised geometries for para / cis second generation polymer. 
Side on (top) and top-down views shown. 
 
 
 
 
 
 
 
 
 
B.20 Visualised frontier molecular orbitals for meta / cis second generation polymer. 
HOMO (left) and LUMO (right). 
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B.21 Visualised frontier molecular orbitals for para / cis second generation polymer. 
HOMO (left) and LUMO (right). 
 
 
 
 
 
 
 
 
 
 
 
 
B.22 TGA traces of ortho / cis (left) and meta / cis (right) second generation 
polymers. Recorded under N2 atmosphere with a heating rate of 10 °C / min. 
 
 
 
 
 
 
 
 
 
 
 
B.23 TGA trace of  para / cis second generation polymer. Recorded under N2 
atmosphere with a heating rate of 10 °C / min. 
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B.24 Output (left) and transfer (right) characteristics of ortho / cis second generation 
polymer 
 
 
 
 
 
 
 
 
 
B.25 Output (left) and transfer (right) characteristics of meta / cis second generation 
polymer 
 
 
 
 
 
 
 
 
 
 
 
B.26 Transfer characteristics of para / cis second generation polymer 
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Appendix C 
 
Polymer GPC Traces 
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Second Generation Polymers 
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